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 Abstract 
 Eucalyptus which is the most widely planted hardwood in the world is highly 
exposed to the cold due to the lack of dormancy. DREB (Drought Responsive Element 
Binding) genes are known as master regulators of abiotic stress response. Annotation of the 
Eucalyptus grandis genome showed a huge amplification of the DREB1/CBF (C-Repeat 
Factor) group compared to other plant species, without recent DREB2 gene duplication.  
 The aim of the study was to better understand the role of DREB pathway in 
Eucalyptus for the control of stress tolerance, development and wood formation. In parallel 
of complementary phenotypic analysis of previously generated CBF over-expressing 
Eucalyptus lines, the work was based on a comparative study of stress response of two 
Eucalyptus species contrasted for tolerance. 
  The present study provides an annotation of the CBF and DREB2 genes from a 
partial draft of the E. gunnii genome sequence and in silico analyses of the orthologous 
sequences (promoter and protein) from the two Eucalyptus species compared to Arabidopsis. 
Then, a comprehensive transcriptional analysis through high-throughput qRT-PCR was 
carried out on leaves, stems and roots from the two Eucalyptus species after cold, heat or 
drought treatment. An additional CBF copy in the E. gunnii genome compared to E. grandis 
suggests that this group is still evolving unlike the DREB2 group. A large CBF cluster 
accounts for most of the cold response in all the organs, whereas heat and drought responses 
mainly involve a small CBF cluster and the DREB2 genes. The higher CBF transcript 
amounts in the cold tolerant E. gunnii together with higher induction rates in the fast 
growing E. grandis suggest that CBF factors promote both stress protection and growth 
limitation. In addition to confirm the previous phenotypic analysis of transgenic lines, the 
present data on older plants allowed investigating the modifications on lignified tissues. 
Transcription factors from MYB, NAC, KNOX and AP2/ERF families likely to be involved in 
the control of growth and cell wall formation have been identified as putative CBF target 
genes. These results are in agreement with the modified phenotype of CBF overexpressors 
(growth reduction and vessel modifications). Both approaches led to suggest a central role of 
DREB pathway in the trade-off between growth and stress resistance in this woody species. 
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1. Eucalyptus 
 Eucalyptus is the most planted hardwood tree due to rapid growth, short rotation, high 
productivity, broad adaptability and multipurpose wood quality. The estimated plantation area 
covered by Eucalyptus is 20 million hectares worldwide (GIT Forestry, 2009). Some of 
Eucalyptus species bear their economic importance as regards the production of paper pulp, 
timber and more recently biofuel. The distribution of Eucalyptus plantations depends mainly on 
climatic conditions. Eucalyptus grandis, Eucalyptus urophylla and their hybrids, grown in 
tropical and subtropical regions, are favorite in pulpwood market. In contrast, Eucalyptus gunnii 
is suitable for cultivation areas with minimum temperatures ranging between -5°C and -15°C 
because of its frost tolerance. Successful forest plantations can be found in the south of France 
and the British Isles (GIT Forestry, 2008) where E. gunnii is planted as an ornamental tree and 
for paper industry. Productivity of Eucalyptus plantations is affected by temperature (Liu et al., 
2014) and rainfall (Whitehead and Beadle, 2004). Wood productivity rises from about 
51 m
3
 ha
−1
 yr
−1 
in natural condition to 65 m
3
 ha
−1
 yr
−1 
when the plantations have no water 
limitation (Stape et al., 2008; 2010). Wood quality is also dependent on environmental 
conditions of plantation (Gava and Gonçalves, 2008). Therefore, dissection of adaptive response 
to abiotic stress cues is required to improve stress tolerance in Eucalyptus as well as promote 
wood productivity and quality of Eucalyptus plantations. 
1.1. Classification and distribution 
Classification 
 Native to Australia, the Eucalyptus genus belongs to the Myrtaceae family and consists 
of over 700 species and subspecies. The Eucalyptus were first described by the French botanist 
Charles-Louis L’Héritier de Brutelle in the late 18th century (Kantvilas, 1996). Recently, 
genome-wide analysis of 17 sequenced plant genomes indicated the phylogenetic position of 
Eucalyptus. Myburg et al. (2014) placed Eucalyptus as a sister taxon to the eurosids (Figure 1.1), 
which contrasts to grouping Eucalyptus and other Myrtales with the malvids (Wang et al., 2009).  
 The term ‘eucalypt’ is sometimes used as the common name of the Eucalyptus genus. 
However, it is more accurately used as a term referring to species from a monophyletic group, 
broadly referred to as the ‘eucalypt group’, that consists of seven genera: Eucalyptus, 
Angophora, Corymbia, Eucalyptopsis, Allosyncarpia, Stockwellia and Arillastrum (Ladiges et 
al., 2003). Most of eucalypt species are in the genus Eucalyptus, but Angophora and Corymbia, 
which are very similar and closely related, also include eucalypt species.  
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Figure 1.2: Phylogeny of the sections within the Eucalyptus subgenus Symphyomyrtus (Ladiges, 
1997). 
 
Figure 1.1: Phylogenetic tree from 17 sequenced plant genomes (Myburg et al., 2014). 
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Eucalyptus genus includes two large subgenera Monocalyptus and Symphyomyrtus, and a 
number of smaller ones in northern Australia (Hager and Benson, 2010). The Symphyomyrtus 
subgenus is divided into six sections and phylogeny of these sections suggests that Maidenaria 
section appeared after Latoangulatae (Figure 1.2). 
The Eucalyptus species which are the most planted and the subject of most of 
biotechnological researches belong mainly to three sections of the subgenus Symphyomyrtus: 
Section Latoangulatae: E. grandis, E. urophylla, E. pellita and E. saligna 
Section Maidenaria: E. globulus, E. nitens and E. dunnii and E. gunnii 
Section Exsertaria: E. camaldulensis and E. tereticornis 
Distribution 
Eucalyptus species began to be used in plantations outside their natural distribution area 
over 200 years ago such as India (1790), France (1804), Chile (1823), Brazil (1825), South 
Africa (1828) and Portugal (1829) (Iglesias-Trabado and Wisterman, 2008; Potts, 2004). To 
date, Eucalyptus is found in more than 90 countries, mostly in tropical and sub-tropical areas, 
although there are very productive plantations in temperate areas of New Zealand, Chile, 
Argentina, Brazil, Uruguay, South Africa and the Iberian Peninsula (ENCE, 2009). The reason 
for this wide geographical distribution is the high diversity of species which are adapted to 
various environmental conditions. 
1.2. Economic importance of Eucalyptus 
Eucalyptus species have many uses which have made them economically important tree 
species. Many of them are of interest for the forest industry but only about ten species are used 
for commercial purpose (ENCE, 2009). Eucalyptus is the largest single global source of market 
pulp and species which are the most planted for wood production are E. camaldulensis, E. 
grandis, E. saligna, E. nitens and E. globulus, and the hybrids E. urophylla x E. grandis, E. 
camaldulensis x E. grandis and E. globulus x E. nitens (OECD, 2014). The area of Eucalyptus 
plantations has constantly increased over the last 60 years, from 0.7M ha in 1950 to 20.07M ha 
in 2009 (GIT, 2009) (Figure 1.3). Global wood demand is predicted to increase from 1972 
million tons in 2002 to 3306 million tons in 2050 (Smeets and Faaij, 2007). The increasing 
requirement must largely be met from plantations of fast growing species or there will be further 
loss of natural tree cover.  
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Figure 1.3: Global Eucalyptus map (A) and Eucalyptus species commonly planted in Europe (B) (GIT 
Forestry, 2009). A: The area of Eucalyptus plantation over the world is 20.07 Mha in 2009. Eucalyptus is the most 
planted in Brazil, India and China (4.2, 3.9 and 2.6 million ha, respectively). B: Name of some Eucalyptus species is 
pointed on the left side (E. globulus/E. camaldulensis (EUCF), E. nitens (ATL1), E. gunnii (ATL2), E. 
camaldulensis (MED2)) and suitable regions for plantation in Europe are represented by different colors on the 
map. 
B 
A 
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As a fast growing tree, the Eucalyptus is first of all valued for its wood. Eucalyptus 
species provide also fuelwood, construction material, charcoal, timber, posts, farm implements, 
paper pulp, tannin, essential oil, ornamental purposes, and nectar for honey production (Turnbull 
1999; Zegeye, 2010). The wood from Eucalyptus plantation is used mainly for the production of 
paper pulp, especially bright photocopy paper (Turnbull, 1999). Global market pulp production 
is estimated to reach about 65 million tons, with about 16 million tons coming from Eucalyptus 
by the end of 2011 (ICEP, 2011).  
Eucalyptus essential oil which is obtained from the leaves, twigs and branches from 
various species such as E. globulus, E. dives and E. smithii, is used in medicines, antiseptics, 
food supplements, pesticides, insect repellents, perfumes, soaps and detergents. Significant 
producers of Eucalyptus essential oil include South Africa, Portugal, Brazil, Spain, Australia, 
Chile and Swaziland. Eucalyptus species are also used for production of gums and dyes (Zegeye, 
2010). 
1.3. Description of the species under study 
E. grandis, E. urograndis hybrid and E. gunnii, which belong to Symphyomyrtus 
subgenus, were used in this work. As described above, E. grandis and E. urophylla species 
belong to Latoangulatae section, while E. gunnii is in Maidenaria section.  
E. grandis (W. Hill ex Maiden), also known with common name as rose gum or flooded 
gum, is native to the east coast of Australia (Figure 1.4). Rose gum is one of the most important 
commercial Eucalyptus due to its productivity and quality of wood, with more than one-half 
million hectares (1.3 million acres) planted in tropical and subtropical areas on four continents. 
The adult E. grandis is of medium to large size (40–60 m high, 1–2 m in diameter) with smooth 
bark; rough, fibrous or flaky at base, it is from grey to grey-brown in colour (Figure 1.5).  
E. grandis is sensitive to drought and needs at least 20mm of rainfall during each of the 
driest months of the year (Delgado-Matas and Pukkala, 2011). E. grandis is an important source 
of pulp for the production of printing, writing, specialty and tissue papers. It is planted as an 
ornamental, in windbreaks and shade tree. It is also a medicinal plant which has been indicated 
by Zulu traditional healer in the treatment of respiratory tract infections, bronchial infections, 
asthma and cough (Hutchings et al., 1996; Soyingbe et al., 2013). 
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Australian 
native habitat 
Height (m) 
Temperatures 
Rainfall 
Requirements 
E. gunnii 
Tasmanian mountains 
30 
Max: 21 to 24°C 
Min : -10 to -13°C 
750mm/year 
Adapted to coldest  
conditions 
Can tolerate drought 
E. grandis 
East coast 
50-60 
Max : 40°C 
Min : -1 to -3°C 
1350mm/year 
Frost tender; Sudden freezing  
very damaging  but survival  
if progressive temperature falls 
 
E. grandis 
Figure 1.4: Difference on origin, environmental requirements (temperature and rainfall) in natural conditions and development of E. gunnii and E. grandis in 
Australia (Nguyen et al., submitted). 
 
E. gunnii 
Figure 1.6 : Organs of E. gunnii 
a: mature and young leaves; b: trunks; c: flowers; d: fruits.  
 
d 
a b 
c 
a b 
c d 
e 
Figure 1.5 : Organs of E. grandis.  
a: young leaves ; b: mature leaves ; c: flowers ; d: fruits ; e: trunk 
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Together with an excellent growth of hybrids, the considerable genetic resources have 
reoriented research efforts towards artificial crosses using manual controlled pollination. Fifty-
one interspecific hybrids were created, some of which appeared very promising (Charrier et al., 
2001). E. urophylla x E. grandis hybrid clones which derived from a comprehensive genetic 
improvement program have been progressively replacing clones used before in Congo 
(Vigneron, 1992; Vigneron et al., 2000). The E. urograndis hybrids combined the rapid growth 
of E. grandis and the disease/climate tolerance of E. urophylla (Kullan et al., 2012). E. 
urograndis which has good multiplication ability and technological aptitude for pulp production, 
can yield up to 40 m
3
/ha/year (Gouma et al., 2000; Hardiyanto and Tridasa, 2000). E. urograndis 
hybrid is considered to be the most common one in commercial application today (Hart and 
Santos, 2015). Hybrids are used in most of the commercial plantations in Brazil and South Africa 
(Borralho, 2003). The E. urograndis hybrid which also has a good capacity for regeneration is 
suitable for genetic transformation (Teulières & Marque, 2007) which was used by our team 
(Navarro et al., 2011) to successfully introduce the CBF genes in homologous system. 
Native to Tasmania, Eucalyptus gunnii, the Cider Gum, is one of the hardiest Eucalyptus 
since it can withstand temperatures down to -13°C (Figure 1.4) (exceptionally -20°C for brief 
periods). Depending on variable factors like location, microclimate and time of exposure at sub-
zero temperature, it is capable to survive even lower temperatures.  
E. gunnii, which can grow up to 1m in the first year, is a small- to medium-sized tree with 
peeling cream and brown bark (Figure 1.6). It is one of the few trees that can grow on a very wet 
soil although with not optimal productivity. 
As other Eucalyptus species, E. gunnii has proved to be very rich in essential oil, and 
could be regarded as a potential source for the food, pharmaceutical and cosmetic industries 
(Bugarin et al., 2014). In addition, E. gunnii is also considered as a source of bioenergy, since it 
may currently achieve yield of 19.3 oven-dry tons ha
−1
 year
−1
 on a 10-year rotation in the United 
Kingdom (Leslie, 2012). The biomass potential is at least comparable to that of poplar and 
willow. According to FCBA (French Institute of Technology for forest based and furniture 
sectors), the biomass of E. gundal (E. gunnii x E. dalrympleana) which is the most adapted to 
French conditions can produce 10 oven-dry tons ha
−1
 year
−1
 (FCBA, 2011). Hence, E. gunnii 
deserves further consideration as a source of biomass and bioenergy in western European 
conditions (Forrest and Moore, 2008).  
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2. Plant responses to abiotic stress and tolerance 
Abiotic stresses which reduce growth and yield below optimum dynamic levels may be 
divided into two main categories: (1) physical factors (temperature, light, and water) and (2) 
chemical factors (salinity, pollution, and heavy metals) (Chelli-Chaabouni, 2013). In most of the 
plant species, the resulting growth reduction can reach 50% (Wang et al., 2003). Abiotic stresses 
limit crop production or reduce wood productivity in tree due to reduction of water resources, 
increased global warming trends and climate change (Hatfield and Prueger, 2015; Liu et al., 
2014; Lobell et al., 2011). Plant responses to abiotic stresses are complex, and depend on the 
tissue/organ affected by the stress, type of stress involved, the intensity and duration of stress. 
The response varies also according to the plant species and the genotypes within the species 
(Gall et al., 2015; Cramer et al., 2011; Dinneny et al., 2008).  
2.1. Main strategies of plants to face abiotic stresses 
Heat stress corresponds to an increase in temperature beyond a threshold level for a 
period of time that induces irreversible damages to plant growth (Wahid et al., 2007). Cold 
exposure can be chilling or freezing (respectively above zero or subzero temperatures). Drought 
stress results in water deficit which is caused by an imbalance between soil water availability and 
evaporative demand (Gall et al., 2015). 
Plants have evolved several mechanisms to cope with the stress effects such as escape 
from stress, or resistance by avoiding or tolerating it. For example, the escape mechanism in 
annual crops can be early flowering to produce seeds earlier than in optimal conditions (Bueckert 
and Clarke, 2013). Temperate deciduous trees escape the negative effect of low temperature on 
leaves in winter by leaf senescence and abscission in autumn or by adjusting the timing of 
budburst in spring (Vitasse et al., 2014). 
The minimization or the exclusion of the stress effect on a given tissue corresponds to 
avoidance. To avoid heat and drought stresses, plants exhibit various mechanisms for surviving. 
General avoidance mechanisms for both stresses are dedicated to reduce water loss from leaves 
such as changes in leaf orientation, leaf area, and stomatal closure (Touchette et al., 2007; 
Hasanuzzaman et al., 2013). Plants also reduce the absorption of solar radiation and cool by 
transpiration to avoid heat stress, while maintaining water status by increasing water uptake 
capacity of root is activated under drought condition (Srivastava et al., 2012; McCann and 
Huang, 2008). In addition, dormant state can be observed in summer or dry season in perennial 
herbaceous plants and trees (Liu et al., 2015). 
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Cold avoidance and dormancy  
Cold avoidance mechanisms including seed production or vegetative dormancy are found 
in respectively annual and perennial plants. To avoid injury caused by low temperature, plants 
stop growing and set dormancy (avoidance strategy in temperate plants). Photoperiod and 
temperature are two environmental cues considered as seasonal signals to induce dormancy in 
temperate perennials. 
The first step towards establishing dormancy is growth cessation which is induced 
through photoperiod change (Ofir and Kigel, 1999; Allona et al., 2008). However, photoperiod is 
distinct for induction of summer, drought or winter dormancy. Long photoperiod and high 
temperature in early summer are required to induce plants to enter deep dormancy in wild 
grasses (Ofir and Kigel, 1999). In contrast, a photoperiod shorter than 12h of light in December 
(dry season) is essential to induce bud dormancy in deciduous tree species in tropical dry forests 
(Borchert and Rivera, 2001). Winter dormancy is caused by short photoperiod together with low 
temperature.   
Dormancy can be divided into two phases of variable duration and intensity: 
endodormancy and ecodormancy (Figure 1.7) (Ueno et al., 2013). Endodormancy is the deep 
dormancy stage induced by expected periodic seasonal changes. Ecodormancy occurs under 
unfavorable external environmental factors such as prolonged period of cold and day-length 
conditions. It is a short-term phenomenon needed for preventing bud burst in late winter and 
early spring cold events (Horvath et al., 2010).  
 
 
 
 
 
 
 
 
 
  
Figure 1.7: Diagram of seasonal transition from the induction to the establishment, maintenance 
and release of winter dormancy in woody temperate plants (Allona et al., 2008) 
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Winter cold acclimation  
Woody plants can survive during winter because they are able to acclimate to the below-
freezing winter temperatures. Generally, in most of the woody plants, short day-length (SD) 
induces growth cessation, bud set, and initiates cold acclimation which is the common 
phenomenon allowing plant to withstand low temperature (LT) (Figure 1.7).  
First, plants respond to changes in day-length (light signals) through photoreceptors like 
phytochromes. Phytochromes have been shown to control SD-induced bud set in Populus and 
PHYA gene (Phytochrome A) is important in the perception of SD and the subsequent response 
(Howe et al., 1996). In addition, signaling pathway is triggered in response to SD through CO 
(CONSTANS)/FT(FLOWERINGLOCUS T) module which controls flowering time, as reported 
both in Arabidopsis and poplar (Allona et al., 2008).  
In addition to SD, the response to LT in woody tissues occurs in two distinct stages of 
cold acclimation (Figure 1.7): the pre-hardening state, which happens at chilling temperatures 
(above zero), and hardening, which occurs at sub-zero temperature, allow plants to achieve the 
full degree of tolerance (Janska et al., 2010). In the first stage, woody plants enter the dormancy 
state prior to the onset of frost to prevent freezing damage. The second stage of cold acclimation 
is triggered by exposure of the overwintering tissue to lower temperature. During this stage, 
respiratory activity is sufficient to provide the energy necessary for the numerous metabolic 
changes required to reach the maximum cold-acclimated state which is characterized by a 
transient improvement in freezing tolerance. The level of organic phosphates and the conversion 
of starch into sugars increase, glycoproteins accumulate and the protoplasm becomes generally 
more resistant to dehydration. When fully hardened, the trees can tolerate exposure to extreme 
temperatures of –50 to –100°C (Howe et al., 1995; Li et al., 2002). Besides, to avoid freezing, 
alpine plants have evolved supercooling strategies through ice barriers for preventing injury from 
ice crystal. In woody angiosperms, freezing avoidance is achieved via supercooling of cellular 
water in xylem parenchyma cells and bud tissue (Wisniewski et al., 2014).  
At a molecular level, transcript amount of TOC (Timing Of Cab) and LHY (Long 
Elongated Hypocotyl) genes which reflects disruption of the circadian clock in winter increases 
at this stage. Stopping of the clock in response to winter LT leads to a remodeling of meristem 
transcriptome observed during the transition from growth to dormancy in the vascular cambium 
of poplar (Schrader et al., 2004; Druart et al., 2007). Phytohormones also contribute to winter 
dormancy establishment and the role of gibberellins (GA) has been described (Olsen et al., 
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1997). In addition, ethylene and auxin signaling related genes are up-regulated in response to SD 
(Fennell et al., 2015). 
During endodormancy, several pathways such as response to abscisic acid and response 
to cold are differentially regulated. ICE (Inducer of CBF Expression) and some DREB 
(Dehydration Responsive Element Binding) genes are up-regulated in the endodormancy 
maintenance and in the transition from endodormancy to ecodormancy in pear (Takemura et al., 
2015). In poplar and apple trees, CBF genes have been shown to regulate the timing of bud break 
(Wisniewski et al., 2015) and would be therefore involved in the control of dormancy. 
Eucalyptus trees, which are evergreen and ever-growing species, lack the escape and the 
cold avoidance strategies of winter dormancy. When planted in temperate areas, they are 
exposed to frost while growing and all the organs may have to cope with frost. Genomics 
approaches have been developed in some Eucalyptus species to provide a better understanding of 
freezing tolerance mechanism (Keller et al., 2009; Rasmussen-Poblete et al., 2008). Data from 
cold transcriptome analysis of E. gunnii leaves (Keller et al., 2013) suggested the involvement of 
CBF genes in cold acclimation. More generally, in Eucalyptus CBF genes have been reported to 
be strongly induced under abiotic stresses in Eucalyptus and to play a key role in cold tolerance 
(El Kayal et al., 2006; Gamboa et al., 2007; Navarro et al., 2009). 
2.2. Plant signaling in response to stress 
An important step in plant defence is perception of the stress through sensors in order to 
respond quickly and efficiently (Rejeb et al., 2014). Sensors act as the first molecules in 
perceiving stress stimulus and transferring the signal to downstream molecules to initiate the 
signal transduction pathway. Changes in Ca
2+ 
ions flux, ROS (Reactive oxygen species) and 
phytohormones such as abscisic acid (ABA), salicylic acid (SA), jasmonic acid (JA), and 
ethylene (ET) are the first responses induced to face cold stress (Bartoli et al., 2013). Transient 
increase in cytosolic Ca
2+
 levels is observed and cytosolic calcium influx is then perceived by 
different sensors like CaM (calmodulin), CDPKs (Ca
2+
-dependent protein kinases), and CAMTA 
(CaM-binding transcription activator). These sensors have been shown to work as positive 
regulators (CDPKs and CAMTA3) (Saijo et al., 2000; Doherty et al., 2009) or negative regulator 
(CaM3) (Townley and Knight, 2002) of gene expression for cold tolerance in plants. Following 
sensing, one or more signaling transduction cascades are activated. Protein kinases also play a 
significant role in coordinating the activity of many signal transduction pathways through 
controlling the phosphorylation status of other proteins. The mitogen activated protein kinase 
15 
 
 
 
(MAPK) cascades are involved in plant abiotic stress responses (Sinha et al., 2011). The 
activation of the MAPK cascade ends with the modulation of activity of transcription factors 
(TFs) (Danquah et al., 2014). By the end of signaling, the coordination between TFs controls the 
transcription of target genes encoding effector proteins involved in cell protection (Figure 1.8).  
Most of the TFs belong to several large families, namely AP2/ERF (ethylene responsive 
element binding factor), bZIP (basic leucine zipper), bHLH (basic helix-loop-helix), WRKY, 
MYB, and NAC (NAM, ATAF1,2, CUC2). The TFs interact with cis-elements in the promoter 
regions of various stress-related genes to control the expression of many downstream genes, thus 
triggering stress tolerance (Wang et al., 2016). In the regulation pathways described in 
Arabidopsis, different TFs induce the expression of multiple downstream target genes encoding 
proteins which directly participate to cell protection. Among these TFs, DREB genes are known 
to play a key role in regulation of COR (COld-Regulated) gene expression (Gilmour et al., 2004; 
Navarro et al., 2009; Cao et al., 2015) which are proved to be critical in plants for both cold 
acclimation and freezing tolerance. In Arabidopsis, COR6.6, COR15A, COR78/RD29A, and 
COR47 cold-induced genes encode dehydrin (DHN) proteins which are important for the 
stabilization of membranes and the prevention of protein aggregation (Hundertmark and Hincha, 
2008). In addition, genes which function in membrane protection like HSP (Heat Shock Protein) 
or involved in carbohydrate metabolism such as GolS (Galactinol Synthase) and RS (Raffinose 
Synthase) are also induced by cold (Timperio et al., 2008; Keller et al., 2013).  
In previous studies, the Eucalyptus cold response was found to be related to a large 
number of cold-induced genes which encode various effector proteins involved in cell protection 
(Keller et al., 2009). Among the most represented one in cold transcriptome, the DHN-LEA (Late 
Embryogenesis Abundant) or HSP are known to directly act in protecting membranes and 
molecules. A strong up-regulation of three DHN genes during cold acclimation of leaves has 
been described in E. globulus (Fernandez et al., 2012). The expression of these genes is distinct 
in different stresses and species, suggesting a differential regulation of the DHN genes in 
Eucalyptus. In addition, detoxification (through MT (metallothioneins)), cell cryoprotection 
(associated with RS and GolS activities), protection of photosystem (ELIP), and maintain of 
microtubule organization (SPIRAL) were also highly represented mechanisms according to E. 
gunnii cold transcriptome (Keller et al., 2013). An up-regulation of phenylpropanoid 
biosynthesis molecular networks and many cell wall-related genes are also observed under cold 
condition in Vitis and Eucalyptus (Fennell et al., 2015; Ployet et al., 2014). 
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Abiotic stresses 
Disruption of osmotic and ionic homeostasis; damage 
of functional and structural proteins and membranes. 
Osmosensors (e.g., HK1), second messengers (e.g., 
Ca
2+
, ROS), MAPK, Ca
2+
 sensors (e.g., SOS3), ABA 
receptors (e.g., PYR/PYL), receptor like kinases 
(RLKs),… 
Transcription factors 
(e.g., CBF/DREB, AREB/ABF, HSF, bZIP, NAC, 
MYB, ICE1,…) 
Activation of 
stress genes 
Molecular chaperone 
functions (HSP, SP1, 
LEA, COR) 
Water and ion 
movement (aquaporin 
and ion transporters) 
Detoxification  
(SOD, CAT, PX) 
Osmoprotection 
(proline, sugar 
polyols) 
Re-establishment of cellular homeostasis, 
functional and structural protection of 
proteins and membranes 
Stress tolerance 
Signal sensing, 
perception and 
transduction 
Transcription control 
Stress 
responsive 
mechanisms 
Figure 1.8: Abiotic stress response model. Primary stresses, such as drought, salinity and cold, are often 
interconnected and cause cellular damage and secondary stresses, such as osmotic and oxidative. The initial stress 
signals trigger downstream signaling process and transcriptional controls, which activate stress-responsive 
mechanisms to re-establish cellular homeostasis and to protect and repair damaged proteins and membranes. ABF, 
ABA responsive element (ABRE) binding factor; bZIP, basic leucine zipper transcription factor; CAT, catalase; 
CBF/DREB, C-repeat-binding factor/dehydration-responsive-binding protein; COR, cold-responsive protein; 
HK1, histidine kinase-1; HSP, heat-shock protein; ICE1, inducer of CBF expression 1; LEA, late embryogenesis 
abundant; MAPK, mitogen-activated protein kinases; NAC, NAM (no apical meristem), ATAF1/2 and CUC2 
(cup-shaped cotyledon); PX, peroxidase; PYR, pyrabactin resistance; PYL, PYR-like; ROS, reactive oxygen 
species; SOD, superoxide dismutase; and SP1, stable protein 1. (Harfouche et al., 2014) 
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2.3. Transcriptional control of plant stress responses 
DREB factors are known to be responsive to cold and heat through ABA independent 
pathway, while ABF (ABRE binding factor) is involved in ABA-dependent gene expression 
under osmotic stress conditions.  
ABA dependent and independent pathways 
AREB/ABF transcription factors, which have a bZIP domain and four conserved domains 
containing Ser/Thr kinase phosphorylation sites (Fujita et al., 2013), are activated in an ABA-
dependent manner (Kulik et al., 2011). Four Arabidopsis bZIP TFs (AREB1/ABF2, 
AREB2/ABF4, ABF3 and ABF1) are expressed in response to water-deficit and ABA treatment 
(Fujita et al., 2005; Yoshida et al., 2015). AREB/ABF TFs are known to be important for 
inducing ABA-mediated gene expression through the cis-acting ABA response element (ABRE) 
with the consensus ACGTGG/TC (Figure 1.9).  
 
 
 
 
 
 
 
 
 
 
 
 
In addition, some TF families involved in the control of SCW formation were also 
described to be stress responsive, as NAC (Nakashima et al., 2012) and R2R3-MYB (Dubos et 
al., 2010). In Arabidopsis, DREB genes which are induced by dehydration, heat and cold 
independently to ABA activate target genes via binding to DRE/CRT (Dehydration Responsive 
Element/C-RepeaT) sequences in their promoters (Nakashima et al., 2014). The activity of 
AtDREB2A is regulated at both transcriptional and post-translational levels. The expressed 
Figure 1.9: ABA dependent and independent pathway in plants. The AREB/ABF TFs are induced by 
drought stress and their transcriptional activities are controlled by ABA-dependent phosphorylation. Under 
heat and drought stresses, the activity of DREB2A is regulated at both transcriptional and post-translational 
levels. The expressed DREB2A protein is stabilised and/or activated by stress signals. ABA: abscisic acid, 
ABRE: ABA-responsive element, DREB: DRE-binding protein (Nakashima et al., 2014). 
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AtDREB2A protein is stabilised and/or activated by stress signals and the mechanism for this 
post-translational regulation is still unclear. The cold response which is also ABA-independent 
signal is mediated through DREB1/CBF, only by transcriptional regulation. 
DREB pathway 
DREB genes belong to the large AP2/ERF family of TFs which are characterized by a 
highly conserved AP2-DNA binding domain (Gilmour et al., 2004). The AP2/ERF family is 
divided into the AP2, ERF, DREB, RAV subfamilies and Soloist according to the number of 
AP2 domains (Mizoi et al., 2012). The AP2 domain of 60 amino acid residues forms three anti-
parallel beta sheets followed by a parallel alpha helix. The Soloist contains a single AP2/ERF 
domain and lacking additional motifs. The AP2 subfamily known to be involved in the 
regulation of developmental processes (Elliott et al., 1996) exhibits duplicated AP2/ERF 
domains. The RAV proteins that are regulated by ethylene (Alonso et al., 2003) or 
brassinosteroids (Hu et al., 2004) and biotic and abiotic stress responses (Sohn et al., 2006) 
exhibit one B3 domain and one AP2/ERF domain (Nakano et al., 2006). Finally, the ERF and 
DREB proteins which are key regulators of plant responses to biotic and abiotic stresses (Mizoi 
et al., 2012) have a single AP2/ERF domain (Sakuma et al., 2002).  
The DREB subfamily has been divided into six groups (A1-A6)  and the A1 and A2 
groups are commonly known as CBF and DREB2 (Sakuma et al., 2002), which are described as 
the key regulators of response to abiotic stresses in many plant species (Sakuma et al., 2006; 
Mizoi, 2012; Cao et al., 2015). The DREB1/CBF genes are mainly known as cold-responsive 
whereas most of DREB2 genes have generally been reported as responsive to water stress or heat 
shock. To date, CBF genes have been studied in a wider range of plant species than DREB2 
genes (Wang et al., 2016). CBF pathway is also known to play a prominent role in abiotic 
stresses, because the increase in freezing, drought and salt tolerance is triggered by the CBF 
overexpression in many plant species (Mizoi et al., 2013; Lee et al., 2013; Li et al., 2013; 
Navarro et al., 2011).  
A total of 202 E. grandis AP2/ERF-like proteins, including 17 DREB1/CBF and 6 
DREB2 genes, have been previously identified (Cao et al., 2015) in the team. The expression 
profiles of CBF and DREB2 genes from E. grandis detached leaves have suggested that CBF and 
DREB2 genes are stress-responsive without strict group specificity in Eucalyptus leaves under 
cold, heat and drought (Cao et al., 2015).  
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In E. gunnii, four EguCBF genes have been first isolated in the team (El Kayal et al., 
2006; Navarro et al., 2009). The expression of these EguCBF genes under control temperatures 
and their differential induction under distinct cold conditions was observed (Navarro et al., 
2009). This complementary regulation showing specific features of the CBF pathway in 
Eucalyptus is hypothesized to be an adaptive strategy of this evergreen tree to cope with 
fluctuating temperatures during the year (Wisniewski et al., 2014). One CBF gene (EgCBF1) 
was also isolated from E. globulus, which is more sensitive to cold than E. gunnii (Gamboa et 
al., 2007). Two CBF homologues have been isolated from E. dunnii (ArborGen, unpublished 
results), and the transcripts of these CBF were detected in young plants after exposure to low 
temperature (Zhang et al., 2012).  
Upstream regulators of CBF  
Firstly isolated from Arabidopsis, ICE1 has been reported to act upstream as a positive 
regulator of CBF gene (Figure 1.10). ICE protein is composed of a putative acidic domain, 
serine-rich region (S-rich), bHLH domain and possible zipper region (ZIP). ICE1 is 
constitutively expressed and cold-induced phosphorylation increases the activity of AtICE1 
(Chinnusamy et al., 2003). The stability of ICE1 is negatively regulated via ubiquitination by a 
RING finger E3 ligase (HOS1), but sumoylation of ICE1 by SIZ1, a SUMO E3 ligase, inhibits 
polyubiquitination of ICE1, enhancing protein stability of ICE1 (Miura et al., 2007). ICE1 acts 
on target genes via binding to MYC cis-elements (CANNTG) on the promoter for inducing the 
target gene expression. AtICE1 and AtICE2 have been reported to activate AtCBF3 and AtCBF1, 
respectively (Chinnusamy et al., 2003; Furosova et al., 2009). 
The CBF genes were also found to be regulated by Ca
2+
-related processes. The 
CaM/CaM-like family belonging to the superfamily of EF-hand Ca
2+
- binding proteins, is 
important Ca
2+
 signal transducer in eukaryotic cells of various plant species (Finkler et al., 
2007). CaM/CaM-like proteins in plants regulate a large number of downstream target genes. 
CAMTAs (calmodulin binding transcription activator) are members of CaM-binding 
transcription factors. A typical CAMTA protein contains a CG-1 domain (a substrate-specific 
DNA binding domain), a TIG domain (involved in non-specific DNA binding), an ankyrin 
(ANK) repeat domain (role in protein–protein interaction), IQ motifs and a CaM binding 
(CaMB) (both interact with CaM) (Song et al., 2006; Finkler et al., 2007; Du et al., 2009; Yang 
et al., 2012). In Arabidopsis, CAMTA3 proved to bind to the CM2 motif and be a positive 
regulator of CBF2 (Doherty et al., 2009). In addition, mutations in CAX1 (Calcium exchanger 
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1), a Ca
2+
/H
+
 transporter, and CBL1, a Ca
2+
-sensor, affect the expression of CBF genes (Albrecht 
et al., 2003, Catala et al., 2003). 
In E. camaldulensis, one ICE gene (EcaICE1) was isolated (Lin et al., 2013), ICE 
transcript accumulation did not change dramatically before and after cold treatment. However, 
over-expression of the EcaICE1 gene in transgenic tobacco plants leads to enhance the cold 
tolerance (Lin et al., 2013). One CaM gene was also isolated from E. dunnii and its expression 
level increased during the early stage of cold treatment (Peng et al., 2014). 
In E. grandis, analysis of the genome allowed the identification of one ICE and four 
CAMTA genes (Wisniewski et al., 2014; Cao, 2013). The number of ICE and CAMTA genes in 
E. grandis proved to be fewer than other species such as Arabidopsis (two ICE and six CAMTA 
genes) (Chinnusamy et al., 2003; Bouche et al., 2002; Finkler et al., 2007), Vitis (three ICEs and 
four CAMTAs) (Rahman et al., 2014; Shangguan et al., 2014), and Populus (two ICEs and seven 
CAMTAs) (Benedict et al., 2006; Rahman et al., 2016).  
The DREB downstream pathway  
The DREB proteins, in turn, bind to promoter regions of target genes (Figure 1.11) which 
contain at least one DRE/CRT cis-element which is composed of highly-conserved core 
sequence (CCGAC) and surrounding nucleotides described as preferential, A/GCCGACNT and 
ACCGAC respectively for CBF and DREB2 (Sakuma et al., 2006; Maruyama et al., 2004) to 
regulate their expression (Figure 1.11). The CBFs regulate the expression of  about 12% of 
the Arabidopsis cold-inducible genes (Fowler and Thomashow, 2002). Many CBF target genes 
were identified through microarray analysis of plants overexpressing CBF such as GolS, HSP70, 
COR15A, COR47, COR78 (Zhao et al., 2008; Novillo et al., 2007; Jaglo-Ottosen et al.,1998; Liu 
et al., 1998) and these genes contain one or several DRE/CRT cis-elements. 
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Figure 1.10: Diagram of CBF upstream regulators. ICE regulates CBF expression through binding to 
MYC cis-element on the promoter. Stable/unstable state of ICE is regulated by SIZ1 or HOS1, respectively. 
In addition, Ca
2+
-regulated proteins such as CAMTA may act as mediators of calcium signaling in cold 
responses and CAMTA3 can bind to CM2 in the CBF2 promoter. ICE: Inducer of CBF expression, Ub: 
Ubiquitination, Sumo: Sumoylation, SIZ1: SUMO E3 ligase, HOS1: RING finger E3 ligase, CAMTA: 
Calmodulin binding Transcription Activator, CBF: C-repeat Binding Factor, CRT/DRE: C-
repeat/Dehydration Element, COR: cold-regulated (Extracted from Mizoi et al., 2012). 
 
Figure 1.11: The DREB downstream pathway. CBF/DREB1A and DREB2 genes regulate the 
expression of their target genes via binding to DRE/CRT element on the promoter. CBF gene is able to 
bind both A/GCCGAC cis-element sequences, while DREB2A preferentially binds to ACCGAC sequence 
(Sakuma et al., 2006). DREB downstream genes contain cis-element sequence are also indicated. COR: 
cold-regulated, KIN: cold-inducible. 
RD29B 
LEA 
(At1g52690) 
RD29A 
RD17 
LEA14, 18 
COR15A 
COR15B 
KIN1 
KIN2 
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In conclusion, as presented above, woody plants have complex adaptive strategies to face 
cold stress, but Eucalyptus is different from deciduous temperate woody trees because it is 
evergreen and ever-growing species and lack efficient avoidance strategies. DREB genes are 
central regulators of abiotic stress responses and tolerance in plants exposed to adverse 
conditions. What is the meaning of the high number of CBF and moderate number of DREB2 
genes identified in E. grandis when both EgrCBF and EgrDREB2 genes are responsive to cold 
(Cao et al., 2015). The relationship between the high number of CBF and the cold tolerance in 
Eucalyptus remains to be clarified. 
3. Plant development under abiotic stress 
3.1. Plant development under abiotic stress 
Abiotic stress has negative effects on plant growth and development, especially in the 
reproductive phase. The timing of transition from vegetative to flowering phase, which is vital 
for survival and reproductive process, is often altered under various stresses. Higher 
temperatures are seen to induce earlier flowering in plants when compared to lower temperatures 
(Halliday et al., 2003). Drought and high temperature caused a reduction in plant biomass, 
increased tillering, fruit discoloration, early senescence and pre-mature death, in various plants 
(Vollenweider and Gunthardt-Goerg, 2005; Zlatev and Lidon, 2012). Low temperature also 
constitutes an important limiting factor, negatively impacting photosynthesis. Under this stress, 
the leaves reduce their expansion in surface but increase thickness and the flowering is delayed 
significantly as cold stress exposure long lasts. More precisely, smaller epidermal cells, modified 
dimensions of mesophyll cells, thicker cell walls of the epidermis and mesophyll were observed 
in leaves of cold-acclimated plants. These modifications in leaf properties suggest the ability of 
leaves to supercool water since a smaller cell size and greater cell wall thickness may favor 
supercooling (Stefanowska et al., 1999). 
Reduction of plant growth under cold stress has been reported to be under the control of 
gibberellin biosynthetic pathway. Gibberellin acid (GA) is well known to be involved in plant 
growth and several studies revealed the involvement of GA in regulating plant growth in 
response to fluctuating environmental conditions (Achard et al., 2006; 2008). Under cold stress, 
bioactive GA contents are reduced, while the nuclear growth-repressing DELLA proteins 
accumulate, leading to a suppression of root growth in Arabidopsis (Achard et al., 2008). In 
contrast, an increase in the ambient temperature stimulates GA production, and reduces DELLA 
levels, promoting stem elongation in Arabidopsis (Stavang et al., 2009).  
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Modifications in physiology and growth of Eucalyptus under abiotic stress have also been 
reported. The drought treatments cause a significant reduction in plant height, leaf area, biomass 
of leaf, stem and roots of E. globulus, but stem diameter is not affected (Coopman et al., 2008; 
1010). In another study, leaf thickness and mesophyll size of E. saligna was shown to increase in 
higher CO2 concentration but decreased in warmer temperature (Xu et al., 2012).  
 It is clear that abiotic stresses affect plant development, leading to significantly 
morphological, physiological and biochemical changes. These modifications have been reported 
to result from changes in the expression of numerous genes. Hence, many current studies have 
been focused on elucidating the role of genes involved in the growth and stress tolerance which 
are regulated under abiotic stresses. 
3.2. Genes involved in plant growth under abiotic stress 
The main gene families reported to be involved both in stress response and plant growth 
and/or wood formation are presented below (Table 1.1). 
DELLA belong to GRAS (the name derives from initially identified members, GAI, RGA 
and SCR) family which is composed of five other sub-families: HAM (Hairy Meristem), LS 
(Lateral Suppressor), SCL (Scarecrow-Like), PAT1 and SCR (Scarecrow). DELLAs function as 
repressors of gibberellin-responsive growth of plants (Zentella et al., 2007; Achard et al., 2008). 
HAM is a factor promoting shoot indeterminacy which is fundamental for plant architecture 
(Engstrom et al., 2011). SCR subgroup is known as regulating the radial organization of the root 
and involved in asymmetric cell division and gravitropism (Welch et al., 2007; Grimplet et al., 
2016). 
COBRA family is known to be involved in plant growth and stress tolerance. COBRA 
genes were identified as essential players in the regulation of SCW biosynthesis (Liu et al., 2013; 
Li et al., 2013; Sorek et al., 2014). COBRA members also have various impacts on plant growth 
including root hair development (Jones et al., 2006; Hochholdinger et al., 2008), pollen 
development (Dai et al., 2009), plant height (Dai et al., 2011) and they are also responsive to 
environmental stimuli (Brady et al., 2007; Ye et al., 2009). Several COBL (COBRA like) gene 
products are known to be essential for orientation of crystalline cellulose deposition during cell 
expansion, such as AtCOBL10 and 11 in pollen tube elongation (Li et al., 2013). Other AtCOBLs 
were required for the assembly of crystalline cellulose microfibrils during the SCW deposition, 
for example, COBL4 during the formation of the vascular system (Li et al., 2003; Brown et al., 
2005) or COBL2 during seed coat epidermal cell differentiation (Ben-Tov et al., 2015).
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Table 1.1: Summary of genes involved both in plant growth and stress response. 
Family Genes Abiotic stress responses Function in growth References 
GRAS 
DELLA Cold, drought 
Growth repressors by modulating GA 
responses 
Zentella et al., 2007; Foster et al., 2007; 
Achard et al., 2008; Grimplet et al., 
2016. 
SCR Not know Asymmetric cell division Grimplet et al., 2016. 
COBRA COBRA 
Multiple stresses including 
cold, heat and drought 
Cell expansion and/or cell wall biosynthesis; 
fruit cell wall architecture ; formation 
orientation of the cellulose fibrils 
Brady et al., 2007; Ye et al., 2009; Cao 
et al., 2012; Roudier et al., 2005; Liu et 
al., 2013; Sorek et al., 2014. 
KNOX KNOX Cold  Shoot meristem formation , SCW biosynthesis  
Jain et al., 2008; Zhong et al., 2008; Li 
et al., 2012; Teston et al., 2012; 
Mahajan et al., 2016. 
AP2 SHN Drought  
Wax biosynthesis, regulator the accumulation 
of cellulose, lignin and cutin. 
Aharoni et al., 2004; Ambavaram et al., 
2011; Marques et al., 2013. 
NAC NAC 
Drought, salt, cold, 
combination of high-light 
and heat-stress 
Formation of SCW, increase in thickening of 
SCW  
Le et al., 2011; Jiang and Deyholos, 
2006; Tran et al., 2004; Takasaki et al., 
2010 ; Li et al., 2015. 
R2R3MYB MYB Cold, drought, salt Lignin biosynthesis , SCW formation 
Ployet, 2014; Soler et al., 2015; He et 
al., 2016. 
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KNOX (Knotted1-like homeobox) family encodes factors involved both in meristem 
development (via cytokinin pathway) and SCW formation (Hake et al., 2004) in particular 
KNOX3-7 and KNAT7 (Zhong et al., 2008). It is known that KNOX proteins are involved in 
plant growth and development by regulating gibberellin pathway. KNOX proteins act as 
heterodimers with BELL protein co-factors (both KNOX and BELL are in the TALE class 
belonging homeobox gene family) to activate or repress target genes (Figure 1.12). KNOX 
proteins directly bind to promoters of the biosynthetic gene GA 20-oxidase1 (GA20ox1) and the 
catabolic gene GA2-oxidase1 (GA2ox1) to reduce gibberellin (GA) levels. They also repress the 
expression of lignin biosynthetic genes: caffeic acid-O-methyltransferase1 (COMT1), caffeoyl-
CoA O-methyltransferase (CCoAOMT) and A. thaliana peroxidase12a (AtP12a) to reduce lignin 
levels. KNOX proteins activate the biosynthetic gene ISOPENTENYL TRANSFEREASE7 (IPT7) 
which increases cytokinin contents. Genes from KNOX-1 class are known to be expressed in 
different tissues and up-regulated under abiotic stress (Mahajan et al., 2016; Bhattacharjee et al., 
2015; Jain et al., 2008; Zhong et al., 2008; Hay and Tsiantis, 2010). The expression of some 
KNOX genes slightly increased in root of cheakpea under drought and cold (Bhattacharjee et al., 
2015). Similarly, several KNOX-1 genes have moderate expression level under cold condition in 
rice (Jain et al., 2008). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
OVATE FAMILY PROTEINS (OFPs) are plant-speciﬁc proteins and it is known that 
they act as transcription repressors. OFPs regulate multiple aspects of plant growth and 
development, through interacting with different types of transcription factors which include the 
KNOX and BELL classes, and/or through directly regulating the expression of target genes such 
as Gibberellin 20 oxidase (GA20ox) (Wang et al., 2016). In Arabidopsis, AtOFP1 and AtOFP4 
Figure 1.12: KNOX target genes are regulated by KNOX-BELL protein co-factors. KNOX proteins 
directly bind to promoters of GA20ox1 and GA2ox1 to reduce gibberellin (GA) levels. They also repress the 
expression of lignin biosynthetic genes: COMT1 and CCoAOMT to reduce lignin levels. KNOX proteins 
activate the biosynthetic gene IPT7 to increase cytokinin levels (Extracted from Hay and Tsiantis, 2010). 
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can interact with both AtKNAT7 and AtBHL6 (Liu and Douglas, 2015; Li et al., 2011), 
enhancing the repression activity of AtBHL6. This supports for a role of these OFPs as 
components of a putative multi-protein transcription regulatory complex in regulating SCW 
formation (Liu and Douglas, 2015). OVATE genes are expressed in many different organs (Liu et 
al., 2014; Yu et al., 2015), however, the expression of these genes under abiotic stresses is little 
known. 
SHN TFs belonging to ERF sub-family are known as regulators of the accumulation of 
cellulose, lignin and cutin in plant protective layers through coordinating cell wall component 
deposition by directly regulating a vast range of TFs (including MYB and NAC TFs) 
(Ambavaram et al., 2011). In addition, SHN gene is up-regulated by stress as described in tomato 
and M. truncatula (Zhang et al., 2005; Al-Abdallat et al., 2014). 
Many NAC genes were identified to be induced by drought, salinity and low temperature. 
In soybean, 38 NAC genes were shown to be involved in response to drought (Le et al., 2011) 
and in rice 40 NAC genes responded to drought or salt stress (Fang et al., 2008), and OsNAC6 
expression was induced by cold, drought, high salinity, and ABA (Rabbani et al., 2003; Takasaki 
et al., 2010). In tomato, SlNAC4 functions as a stress-responsive TF of abiotic stress tolerance 
through the ABA-independent signaling network (Zhu et al., 2014). In E. globulus, EglNAC64 
was reported to be cold-inducible and to be expressed in xylem, while EglNAC65 is more 
expressed in root tissue (Hussey et al., 2014).  
R2R3-MYB play different roles in controlling plant development and respond to biotic 
and abiotic stresses (Dubos et al., 2010). In Arabidopsis, AtMYB44, AtMYB60, and AtMYB61, 
AtMYB96 improved drought tolerance by regulating stomatal movement (Cominelli et al., 2005; 
Liang et al., 2005; Jung et al., 2008). OsMYB2 from rice was induced by salt, cold, and 
dehydration stress (Yang et al., 2012). In cotton, many R2R3-MYB were up-regulated in leaves 
and roots under drought and salinity treatments (He et al., 2016). R2R3-MYB genes were also 
identified in E. grandis with 141 members and many genes involved in lignin biosynthesis and 
SCW formation have been reported (Soler et al., 2015). Some MYB genes (MYB19, 36, 47, 64) 
involved in wood formation were also up-regulated in stems of cold-treated E. gundal plants 
(Ployet et al., 2014).  
3.3. Regulation of plant growth through CBF pathway 
In addition to abiotic stress tolerance, over-expression of several DREB TFs in transgenic 
plants using various promoters has resulted in decreased growth (reduction in shoot growth, 
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plant height, stem diameter, and number of branches) in many species such as Arabidopsis, 
tobacco, tomato, potato, rice, birch, poplar, grape, apple and Eucalyptus. As summarized in 
Table 1.2, most of the CBF over-expression studies were performed in herbaceous species. The 
CBF over-expressors exhibit most often a developmental phenotype corresponding to dwarfism, 
together with some modifications in leaves and flowering time. In apple, the reduced growth was 
observed not only in controlled conditions (phytotron and greenhouse) but over the course of 
several years when the trees are grown in the field (Artlip et al., 2016). In contrast to growth 
inhibition observed in most of the studies, normal phenotype of CBF over-expressors has also 
been observed in some species such as Arabidopsis (Shen et al., 2003; Polashock et al., 2010), 
rice (Byun et al., 2015; Wang et al., 2008) or blueberry (Walworth et al., 2012). Mechanism of 
this phenomenon is still unclear. However, these authors suggested that normal phenotype may 
be due to (1) a dysfunction of the transgene (Shen et al., 2003), (2) different function of 
transgene although it still participates in stress signal transduction pathway (Wang et al., 2008), 
and (3) the differences in a range of CBF regulons (Byun et al., 2015). 
The growth inhibition related to CBF expression has been reported to be mediated 
through the down-regulation of the gibberellin (GA) signaling pathway (Figure 1.13). Expression 
of CBF1 reduces the level of active GA by stimulating the expression of genes encoding a GA-
inactivating enzyme (GA2ox). The reduction of active GA content causes accumulation of two 
DELLA proteins, which are negative regulators of GA signaling and plant growth. Indeed, 
constitutive overexpression of CBF1 in DELLA mutants does not cause growth inhibition but 
reduces the positive effect of CBF1 on freezing tolerance (Achard et al., 2008). In addition, 
transcript levels of GA20ox and GA3ox genes involved in GA biosynthesis are reduced under 
cold and drought, in contrast to an increase in expression level of GA2ox gene related to GA 
deactivation and RGL3 in the same conditions. Thus, the regulation of freezing tolerance and 
growth by CBFs under low temperatures involves hormonal actions. 
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Table 1.2: Summary of developmental phenotypes of CBF over-expressors in plant species. 
Gene Promoter Acceptor 
Enhanced 
tolerance 
Developmental phenotype References 
AtCBF1 
AtCBF2 
AtCBF3 
CaMV 35S Arabidopsis 
Drought, high-salt 
and freezing 
Morphological abnormalities 
and delayed in flowering 
 
Jaglo-Ottosen et al., 
1998 ; Liu et al., 1998; 
Gilmour et al., 2004 
AtCBF1,2,3 CaMV 35S B. napus Freezing  
Stunted growth and delayed 
flowering phenotypes 
Jaglo et al., 2001 
 
TaDREB1 35S 
Rice 
Not mentioned 
 
Dwarf  
Shen et al., 2003 
Arabidopsis Normal  
ZmDREB1A CaMV 35S Arabidopsis 
Cold and 
dehydration  
A dwarf and growth retardation Qin et al., 2004 
AtCBF1 CaMV 35S Populus Freezing  
Decreased rooting and slowed 
growth 
Benedict et al., 2006 
OsDREB1A 
OsDREB1B 
CaMV 35S 
or ubiquitin  
Rice 
Drought, high-salt 
and low-
temperature 
Dwarf, growth retardation  
 
Ito et al., 2006 
AtCBF1 CaMV 35S Potato Freezing  
Growth retardation, thicker 
leaves and longer mesophyll 
cells, increased stomatal density 
Pino et al., 2008 
BpCBF1 
BpCBF2 
CaMV 35S Arabidopsis Freezing 
Stunted growth and delayed 
flowering 
Welling and Palva, 
2008 
GhDREB1 CaMV 35S Arabidopsis 
Freezing, salt and 
osmotic  
Dwarfism, late flowering  
 
Huang et al., 2009 
AtCBF2 CaMV 35S Arabidopsis Freezing 
Delays leaf senescence and 
extends life span 
Sharabi-Schwager et 
al., 2010 
ZmCBF3 Ubiquitin Rice 
Drought, high-salt, 
and low-
temperature  
Drawf 
 
Xu et al., 2011 
 
VrCBF1 
VrCBF4 
CaMV 35S Arabidopsis 
Freezing  
Dwarf plants (flowered later, 
thicker rosette leaves with a 
higher stomatal density)  
Siddiqua and Nassuth, 
2011 
VvCBF4 CaMV 35S Grape vine Tillett et al., 2012 
EguCBF1a 
EguCBF1b 
 
CaMV 35S 
 
Eucalyptus 
hybrid 
 
Freezing  
 
Growth reduction with a 
decrease in plant height, stem 
diameter and porosity (due to 
vessel diameter ), an increase 
in vessel density 
Navarro et al., 2011; 
Cao, 2013 
 PpCBF1 35S Apple Freezing  
Inhibits growth (induces early 
bud set and leaf senescence, and 
delays bud break in the spring 
Wisniewski et al., 
2015; Artlip et al., 
2014 
 PpCBF1 35S Apple Not change  
Growth reduction with reduce 
tree height and stem diameter.  
Artlip et al., 2016 
OsDREB1F CaMV 35S 
Rice 
Salt, drought, and 
low temperature 
Normal Wang et al., 2008 
Arabidopsis 
BB-CBF CaMV 35S Arabidopsis Freezing  Normal Polashock et al., 2010 
BB-CBF CaMV 35S Blueberry Freezing  Normal Walworth et al., 2012 
AtDREB1A rd29A Rice Drought Normal Ravikumar et al., 2014 
DaCBF7 Ubiquitin  Rice Cold  Normal Byun et al., 2015 
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In Eucalyptus, CBF1a and CBF1b genes which were isolated from E. gunnii were chosen 
for functional study since they are different in regulation under cold condition. As was 
previously reported for model plants, the Eucalyptus transgenic lines overexpressing CBF genes 
have shown changes in growth and morphology, suggesting that CBF controls also Eucalyptus 
development (Navarro et al., 2011). The main developmental alterations of Eucalyptus lines 
overexpressing CBF1a or CBF1b genes correspond to a growth inhibition, a decreased global 
leaf surface and increased leaf thickness. In addition, deposit of wax and the increasing number 
of oil glands were observed on the leaf cuticle of the most modified transgenic line.  
These results previously observed in microcuttings (Navarro et al., 2011) were confirmed 
in fully developed plants (Cao, 2013) through morphological, leaf and stem analyses. Results 
showed that B lines (CBF1b overexpressors) exhibit decreased growth (lower height, less 
number of branches and smaller stem diameter) compared to control plants, whereas morphology 
of A lines (CBF1a overexpressors) was similar to controls. Density of stomata in both A and B 
lines was lower than in the control while the number of oil glands on upper leaf surface increased 
in both transgenic lines compared to control. Further analyses on stem anatomy showed that 
density of vessels was higher in B lines than in control and their diameter is reduced (Cao, 2013). 
Figure 1.13: Summary of transcriptional regulation of genes involved in GA metabolism and signaling 
under abiotic stress conditions. (A) GA2ox and RGL3 (or DELLA) transcripts are up-regulated by AP2/ERF 
family transcription factors, leading to a reduction in bioactive GA and GA signaling under abiotic stress 
conditions. Dashed arrows indicate indirect regulation or unknown relationship. (B) Expression level of GA 
biosynthesis and deactivation genes as well as RGL3 on exposure to the abiotic stress indicated (extracted from 
Colebrook et al., 2014). 
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These data suggest that CBF TF control Eucalyptus development under stress not only in leaves 
but also in woody tissues. 
4. Wood formation under abiotic stresses 
4.1. Wood formation process 
Wood formation is a complex biological process involving five major developmental 
steps: cell division from a secondary meristem called the vascular cambium, cell expansion (cell 
elongation and radial enlargement), secondary cell wall deposition, programmed-cell death and 
heartwood formation. Wood, also called secondary xylem, is mostly made of the (SCW) of dead 
cells. 
Located between the primary cell wall and the plasma membrane, the SCW is typically 
composed of three main polymers: cellulose, hemicelluloses and lignin (Figure 1.14A). 
Hemicelluloses and lignin make up about 25% each (dry weight), while cellulose composes the 
remaining 50% (Ramırez et al., 2009). The SCW consists of three different layers S1, S2 and S3 
(Figure 1.14B). All the cell wall layers are composed of a network of long bundles of cellulose 
microfibrils which are cemented in an amorphous matrix of hemicellulose (mainly xylan) and 
lignin. Proteins and pectins are also present in smaller quantities. These three layers differ from 
each other with respect to thickness and the orientation of their cellulose microfibrils (Plomion et 
al., 2001). The thickest microfibril angle in the S2 layer is a parameter widely used in wood 
technology. 
4.1.1 Biosynthesis of the three main polymers 
Cellulose 
Cellulose which is central component in plant cell walls is the most abundant biopolymer 
synthesized on land. It is a polysaccharide consisting of a linear chain of β (1 4) linked d-
glucose. The fundamental structure units of cellulose are the microfibrils that are formed from 
crystallization of multiple cellulose chains. Higher plants contain a family of cellulose synthase 
catalytic subunit (CesA) genes that encode components of an enzyme complex embedded in the 
cell membrane. In Arabidopsis, six subunits (each containing six CesA polypeptides) interact to 
form a rosette arranged in a hexagonal structure (Doblin et al., 2002; Li et al., 2014). They 
encode glycosyltransferases that play a key role in cellulose synthesis in both primary and 
secondary cell walls (Taylor et al., 2003; Li et al., 2014).  
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Figure 1.14: Compositions of secondary cell wall (A) and three dimensional structure of the secondary cell 
wall of tracheid (B). The cell wall is composed of several layers: ML - middle lamella; PCW - primary cell wall; 
S1, S2, S3 - layers of the secondary cell wall SCW (Plomion et al., 2001). 
A B 
Figure 1.15: The general phenylpropanoid pathway and monolignol specific pathway for E. grandis is 
presented in blue box. Name of enzymes participating in pathways is indicated in right with different colors. 
The phenylpropanoid pathway starts with PAL and ends with CCoAOMT, whereas the monolignol-specific 
biosynthesis starts with CCR (Carocha et al., 2015).  
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CesA genes have been identified in many higher plants including Arabidopsis, rice, and poplar 
(10, 12 and 18 genes, respectively) (Richmond and Somerville, 2000; Song et al., 2010; Carroll 
et al., 2011). In E. grandis, the six isolated CesA genes are shown to share limited amino acid 
identity with each other and exhibit different expression patterns in a variety of organs of adult 
tree (Ranik & Myburg, 2006). Besides CesA genes, many non-CesA encoding genes have also 
been shown to be involved in cellulose synthesis such as COBRA (COB1 encoding a GPI-
anchored extra-cellular protein) (Roudier et al., 2005), POM-POM/CTL1 (encoding a putative 
chitinase) (Zhong et al., 2002), and KORRIGAN1 (KOR1-encoding a putative membrane bound 
-1,4endoglucanase) (Paredez et al., 2008; Liebminger et al., 2013) genes. Mutations in these 
genes lead to disrupt cellulose microfibril orientation, cellulose deficiency and defects in 
cellulose synthesis in primary and secondary cell walls, respectively. 
Hemicelluloses 
 Hemicelluloses are polysaccharides containing many sugar monomers including glucose, 
xylose, mannose, galactose, rhamnose, and arabinose. This heterogenous group of 
polysaccharides consists of xyloglucan, xylans, mannans and glucomannans and -(1→3, 1→4)-
glucans. Xylan is a predominant hemicellulose and accounts for ~20% of the total dry weight of 
wood in angiosperm woody plants (Capek et al., 2002). The main hemicelluloses of softwood 
are galactoglucomannan and arabinoglucuronoxylan while in hardwood it is often 
glucuronoxylan. Hemicelluloses are synthesized by glycosyltransferases located in the Golgi 
membranes. Many genes encoding proteins involved in xylan biosynthesis in Arabidopsis have 
been identified through the characterization of collapsed xylem (Lee et al., 2010). Of these 
genes, some are involved in synthesis of the -D-(1→4)-xylan backbone elongation while others 
are thought to play a role in forming this oligosaccharide  (Brown et al., 2009; Wu et al., 2009; 
Jensen et al., 2011, 2013; Pauly et al., 2013).  
Lignin  
Lignin is a phenolic polymer that is mainly responsible for the hydrophobicity and 
rigidity of xylem cell walls derived from three hydroxycinnamyl alcohols (monolignols): p-
coumaryl alcohol, coniferyl alcohol and sinapyl alcohol, giving rise to guaiacyl (G), sinapyl (S), 
and hydroxyl-coumaroyl (H) units (Figure 1.15). Lignins in dicotyledons are mainly composed 
of G and S units (Weng and Chapple, 2010). Monolignols are synthesized from phenylalanine 
via the general phenylpropanoid biosynthetic pathway and the monolignol-specific pathway. 
Some enzymes of the lignin biosynthetic pathway: cinnamate 4-hydroxylase (C4H), p-coumarate 
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3-hydroxylase (C3H), and ferulate 5-hydroxylase (F5H) are membrane proteins thought to be 
active at the cytosolic side of the endoplasmic reticulum (Chapple, 1998; Ro et al., 2001). The 
latter steps of the pathway are involved two enzymes: (1) cinnamoyl-coenzymeA reductase 
(CCR) which catalyses the formation of three hydroxylcinnamaldehydes (pcoumaraldehyde, 
coniferaldehyde and sinapaldehyde) from the corresponding hydroxycinnamoyl CoA-esters and 
(2) cinnamyl alcohol dehydrogenase (CAD) catalyzing the conversion of 
hydroxycinnamaldehydes into the corresponding hydroxycinnamyl alcohols. 
Lignin H/G/S composition also appears to be rather flexible. Silencing of HCT or C3H 
leads to lignin with H-unit levels as high as 100% of the total thio-acidolysis lignin monomers 
(Franke et al., 2002; Ralph et al., 2006; Coleman et al., 2008). Down-regulation of COMT or 
F5H strongly reduces S-unit content, in contrast, up-regulation of F5H increases the S-unit 
content (Stewart et al., 2009). Furthermore, CAD down-regulation increases the incorporation of 
cinnamaldehydes into the polymer (Kim et al., 2003; Lapierre et al., 2004) and leads to 
temperature-sensitive growth, strongly dwarfed plants in Medicago (Zhao et al., 2013). 
4.1.2. Regulation pathway of biosynthesis of SCW components 
A network of TFs that regulate SCW formation in Arabidopsis have been proposed by 
Nakano et al. (2015) (Figure 1.16). According to this model, both NAC and MYB participate to 
transcriptional regulation of SCW biosynthesis. Several NAC proteins are considered as first-
layer master switches for SCW formation, and MYB proteins are the second-layer master 
switches for SCW formation. 
 
 
 
 
 
 
 
 
 
 
Through microarray experiments, a set of TFs participating in cell differentiation process 
have been identified in Arabidopsis (Kubo et al., 2005). In this study, vascular-related NAC-
Figure 1.16: Transcriptional network of secondary cell wall formation regulation. Secondary cell wall 
biosynthesis is based on the transcriptional regulation of NAC-MYB. VNS (VND, NST/SND, SMB related 
protein) is NAC protein subfamily including VND, NST, SMB and BRN of Arabidopsis (Nakano et al., 
2015). 
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Domain factors (VND6 and VND7) are shown to be upstream key regulators of the protoxylem 
and metaxylem formation, respectively. SCW-associated NAC domain protein1 (SND1) is 
described as an upstream regulator of inter-fascicular fiber development (Zhong et al., 2006). 
Moreover, SND1 is known to regulate at least 10 other TFs, some of them controlling the 
phenylpropanoid pathway (e.g. MYB46, 63, and 58) (Zhong et al., 2008; Zhou et al., 2009). 
Some other MYB genes in Arabidopsis have been also identified as regulators of either the 
phenylpropanoid pathway and/or the SCW formation such as MYB85 (Zhong et al., 2008) and 
MYB103 (Ohman et al., 2013). More recently, a large set of genes regulating SCW formation in 
Arabidopsis has been identified through a post-genomic approach combining four 
independent in-house SCW-related transcriptome datasets (Cassan-Wang et al., 2013). In 
Populus, some MYB factors (PtrMYB2, PtrMYB3, PtrMYB20 and PtrMYB21) which control 
SCW biosynthesis are also proved to be direct targets of the master regulators PtrWND (wood-
associated NAC domain) (Zhong et al., 2013). 
In E. gunnii, EgMYB1 is known to be highly and preferentially expressed in xylem 
(Grima-Pettenati et al., 2012). EgMYB1 is described not only as a negative regulator of 
lignification (Legay et al., 2007) but also as a negative regulator of the whole SCW 
developmental program (Legay et al., 2010). In contrast, EgMYB2 is able to activate the 
expression of the biosynthetic genes of cellulose, xylan and lignin (Zhong and Ye, 2009). 
EgMYB2 over-expression in tobacco plants leads to a dramatic increase of both SCW thickness 
and S/G ratio (Goicoechea et al., 2005). Additionally, EgMYB2 is able to complement the 
myb46-myb83 double mutant restoring SCW thickening in vessels (Zhong et al., 2010). Hence, 
EgMYB2 is considered to be a functional ortholog of AtMYB46 and AtMYB83, and it is, 
therefore, a transcriptional regulator of all three major SCW components.  More recently, the 
whole MYB and NAC families have been annotated in E. grandis genome (Soler et al., 2015; 
Hussey et al., 2014). Their expression profiles show that 70% of genes found in clusters 2 and 10 
of R2R3MYB family are preferentially expressed in immature xylem and phloem strongly 
suggesting a role in SCW formation. Notably, five new subgroups only present in woody species 
were found and most of them were preferentially expressed in the cambium-enriched region, 
suggesting that these genes could regulate cambium development (Soler et al., 2015; Myburg et 
al., 2014). In addition, 16 NAC genes in three subfamilies putatively regulate wood formation in 
E. grandis and some new candidates related to SCW formation (EglNAC61, EglNAC64), tension 
and/or opposite wood formation (EglNAC644, EglNAC139, EglNAC152, EglNAC31, 
EglNAC141) were also identified in E. globulus (Hussey et al., 2014). 
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4.2. Modifications of SCW under abiotic stresses 
Main modifications in cell wall compositions such as lignin content, cellulose and 
hemicellulose under abiotic stresses have been observed in many species. 
Modifications of SCW under cold stress 
Changes in cell wall composition due to the activities of cell wall modifying enzymes 
were observed under cold acclimation in many species (Ko et al., 2011; Zhang et al., 2012 Behr 
et al., 2015). In poplar, cellulose synthesis was increased in stem during winter dormancy period 
compared to summer stems, but most of cellulose genes were down-regulated, which might 
suggest an unknown control mechanism of cellulose deposition in the winter cell wall stems (Ko 
et al., 2011). Similarly, some cellulose genes are down-regulated under cold stress in M. sativa 
leaves, stems and roots (Behr et al., 2015). In contrast, in a rice cold tolerant genotype, cellulose 
synthase genes were up-regulated by 5 to 8-fold after cold exposure (Zhang et al., 2012). Not 
only cellulose but also hemicellulose content changes under cold condition, since an increase in 
(1→3),(1→4)-β-D-glucan content was observed in Miscanthus during cold acclimation (Domon 
et al., 2013).  
In Miscanthus under cold condition, lignin content reduction was observed in the frost 
tolerant genotypes. In contrast, the -glucan content increased both in cold sensitive and tolerant 
genotypes. The main changes came from an increase in PAL (Phenylalanine Ammonia-Lyase) 
and CAD (Cinnamyl Alcohol Dehydrogenase) enzyme activities under cold acclimation, 
especially in the frost-tolerant clone. Other genes involved in lignin biosynthesis, such as CCR 
(Cinnamoyl-CoA reductase), COMT (Caffeate O-methyltransferase), and CCoAOMT (Caffeoyl 
CoA O-methyltransferase) were up-regulated in roots of pea and Phaseolus vulgaris in response 
to cold (Badowiec and Weidner, 2014). In contrast, a decrease in expression of PAL and CAD 
was observed under cold stress in M. sativa roots (Behr et al., 2015). 
In plantlets of E. gundal  species, it was shown that cold acclimation leads to an increase 
of lignin (Ployet et al., 2014). These modifications are associated to changes on the expression of 
genes of phenylpropanoid pathway such as C4H1 (Cinnamate 4-hydroxylase), C4H2, 4CL1 (4-
coumarate coenzyme A ligase), HCT2 (Hydroxycinnamoyltransferase), C3H1 (p-coumarate 3-
hydroxylase), C3H2, C3H3, CCR1, CCR2, CAD3, COMT57 and CCoAOMT15.  
Modifications of SCW under heat stress 
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An increase in temperature beyond a threshold level for a period of time that induces 
damage to plant growth is considered to be heat stress (Gall et al., 2015). Although the cell wall 
is not the structure primarily altered under heat shock, changes in cell wall composition and 
sugar metabolism were observed in maize (Suwa et al., 2010). In coffee leaves, heat treatment 
(37°C) generated a 40% increased level of hemicellulose and a 50% decreased level in pectin. 
Similarly, synthesis of lignin is also altered with an increase in G and S monolignol contents 
while H monolignol decreased in coffee leaves under heat treatment (Lima et al., 2013). Some 
cell wall-related genes which could play a role in the acquisition of thermotolerance were studied 
in some species such as XET (Xyloglucan endotransferase) in grapevine during fruit (Rienth et 
al., 2013), or EXP (Expansin) in grass and poplar (Xu et al., 2008; Song et al., 2014). Results 
showed that level of XET transcripts increased, suggesting an adaptation of berry volume to 
temperature and the need for more flexible cell walls (Rienth et al., 2013). In Agrostis, a grass 
species, expansin is up-regulated in response to heat stress at 40°C, therefore, cell walls may be 
loosened, and become more elastic, maintaining cellular functions during heat stress (Xu et al., 
2008). In contrast, thirteen genes encoding EXP were down-regulated in poplar under heat stress 
(Song et al., 2014). 
Modifications of SCW under drought stress 
A number of studies reported that lignin, hemicellulose or cellulose can be altered in 
response to water deficit. In maize, an increase of free lignin precursors in the xylem sap was 
reported, suggesting less lignin biosynthesis (Alvarez et al., 2008). These modifications are 
associated to changes in the expression of genes related to lignin biosynthesis such as those 
coding for PAL, C3H, 4CL, CCoAOMT, CAD and peroxidase (Janas et al., 2000; Yang et al., 
2006; Janda et al., 2007; Domon et al., 2013). In Eucalyptus, drought stress resulted in inhibition 
of lignin deposition in leaves and the S/G ratio increased (Moura-Sobczak et al., 2011). 
In rice roots, the expression of XTH and xylose isomerase genes increase under drought 
stress, suggesting a role of xyloglucan in maintaining root growth (Yang et al., 2006). The 
overexpression of an XTH gene from pepper in transgenic plants resulted in an increased 
tolerance to water deficit (Choi et al., 2011). An increase in the dietary fiber arabinoxylan was 
observed when three winter wheat cultivars were compared under both heat and drought stress 
conditions. However, drought stress has negative effect on the arabinoxylan content of the 
drought tolerant cultivar (Rakszegi et al., 2014). In addition, expansin, another cell wall protein 
involved in cell wall extension, was up-regulated by water stress deficiency in maize roots (Wu 
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et al., 2001) and soybean (Guo et al., 2011). Overexpression of RhEXP A4 in Arabidopsis 
transgenic plants conferred a strong drought tolerance, indicating the vital role of EXP in 
response to water deficit in the plants (Lü et al., 2013). 
The level of cellulose content in several different species such as Arabidopsis, wheat 
roots and grape leaves was reduced under water-deficit stress (Bray et al., 2004; Piro et al., 
2003; Sweet et al., 1990). In other studies, however, level of UDP-Glc in the expression of SuSy 
(sucrose synthase) and UDP-glucose pyrophosphorylase (UGPase) encoding genes increased in 
cotton under drought stress, suggesting a potentially higher cellulose synthesis (Zheng et al., 
2014). Increased cellulose synthesis could be a means to maintain cell wall integrity and cell 
turgor pressure, allowing continuous cell growth under low water condition (Ricardi et al., 
2014). 
It is clear that there is a relationship between environmental cues and SCW formation. In 
E. gundal, cold stress caused modifications both in cell wall composition and wood structure 
(Ployet et al., 2014). In addition to the increase in lignin content, a very early lignification of 
immature sub-cambial xylem cell layers was observed after 7 weeks of cold treatment. As 
presented, low temperature induces the expression of CBF genes. However, studies on changes 
in the stem of CBF overexpressors are limited and merely reported in Eucalyptus and apple. In 
Eucalyptus, a decrease in vessel diameter and an increase in vessel density in CBF 
overexpressors were observed, suggesting the involvement of CBF in wood formation. To go 
further and to investigate the regulation pathway of wood formation under stress, we used CBF 
over-expressors (fully developed plants) for identifying what are the CBF target genes involved 
firstly in plant growth and secondly in SCW formation. 
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Objectives of the thesis 
 As mention above, DREB pathway plays a crucial role in response to abiotic stresses and 
may regulate target genes involved in abiotic stress tolerance, plant growth or SCW formation. 
DREB subfamily is outstanding in Eucalyptus for high representation of CBF genes, maybe in 
relation with evergreen and ever-growing habit. Within this context, the thesis addressed two 
main questions: 
1. What is the meaning of the high number of CBF genes beside few DREB2 genes with 
regard to adaptation to abiotic stress? 
2. What are the target genes of CBF likely to be involved in regulation of tolerance, growth 
and wood formation?  
To answer the first question, the study was mainly based on the characterization of CBF 
and DREB2 regulation in two contrasted Eucalyptus species and evaluation of their 
transactivation activity in heterologous system. 
To deal with the second question, the work mainly involved an investigation of 
transcriptional regulation of genes encoding proteins involved in protection, plant growth or 
SCW formation, both under stressful conditions and in CBF overexpressing lines. 
The results and discussion section of the manuscript include main points concerning: 
(1) Characterization and transcriptional analysis of ICE and CAMTA genes identified from 
Eucalyptus. 
(2) Identification and characterization of CBF and DREB2 in E. gunnii compared to E. 
grandis orthologs. 
(3) Comparative in silico analysis of CBF and DREB2 promoter sequences from E. 
grandis, E. gunnii and A. thaliana. 
(4) Evaluation of stress tolerance of E. grandis and E. gunnii through electrolyte leakage 
measurements. 
(5) Regulation of CBF and DREB2 genes in response to abiotic stress in E. grandis and E. 
gunnii. 
(6) Transcription factor activity of CBF and DREB2. 
(7) Identification of downstream genes involved in stress tolerance. 
(8) Regulation of genes involved in plant growth. 
(9) Regulation of putative CBF target genes involved in wood formation. 
(10) Selection of candidate genes involved in the control of plant tolerance, growth or SCW 
formation putatively regulated through DREB pathway and transgenic experiments for 
overexpressing them. 
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Material and methods 
 
 
 
Part 2:  
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1. Plant material and stress treatment 
Transgenic E. urophylla x E. grandis lines previously generated (Navarro et al, 2011; 
Cao, 2013) and characterized as overexpressors of EguCBF1a (A line) or EguCBF1b (B line) 
genes, were grown together with control PK7 lines housing empty vector. Plantlets from E. 
grandis (W. Hill ex Maiden) and E. gunnii (from FCBA breeding program) were grown from 
seeds. Both sets of plants were grown in controlled-environment chambers at 25°Cday/22°C 
night, with a long-day photoperiod (16 h/light= 115 µmol m
-2
 s
-1
 supplied by Lumilux Daylight 
58 W Osram).  
Tobacco (Nicotiana benthamiana Domin) plants were grown in programmed chambers: 
16 hours of light (120 mol m-2 s-1) and 22°C, followed by 8 hours of dark and 20°C. 4-5 week-
old plants (6-8 leaf stage) were used for agroinfiltration.  
The present work aims to complete the previous phenotypic study of CBF overexpressors 
(Navarro et al., 2011; Cao, 2013) in comparison to PK7 control plants.  Expression analysis of 
genes involved in stress tolerance and genes related to plant growth and SCW formation were 
performed both on 5.5 month-old and 1 year-old plants grown in standard conditions. For 
quantifying transcript amounts, the mature leaves, primary stems and stems of 5.5 month-old 
transgenic plants, in addition to primary stems and xylem (basal part of stems, without bark) of 1 
year-old transgenic plants were collected from at least three plants as biological replicates and 
immediately frozen in liquid nitrogen before storage at -80°C. 
For evaluating the stress response of E. grandis and E. gunnii, 5 month-old plants were 
submitted to cold, heat or drought treatment. The plants were transferred into a growth chamber 
in dark condition for 1h, 4h or 8h at 4°C (cold treatment) or 38°C (heat treatment). For drought 
stress, plant roots completely removed from soil were covered by dry substrate before 
transferring them into a growth chamber at 22°C in dark condition for 1h, 4h and 8h. Plants 
growing in standard conditions were used as control and for each time point (including control) 
three plants were used as biological replicates. The mature leaves, stems and roots were collected 
from each plant, and immediately frozen in liquid nitrogen before storage at -80°C, and these 
samples were used for quantifying transcript amounts. 
2. Evaluation of stress tolerance through ion leakage measurements 
The ion leakage method was previously developed for estimating freezing tolerance of 
Eucalyptus (Travert et al., 1997). In the present study, each experiment was performed on leaf 
discs from uppermost fully expanded leaves of 5 month-old plants (E. grandis and E. gunnii) or 
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expanded leaves, branches and primary stems of 3.5 year old transgenic plants. Each sample 
consisted of 8 leaf discs (6mm-diameter), 8 branch segments (2cm length) or 3 primary stem 
segments (1cm length) originating randomly from at least three different plants of each 
species/transgenic line. These leaf discs, branch/primary stem segments were transferred 
randomly into tubes containing 10ml of deionised water, and gently shaked at room temperature 
for 15 min. This step was needed before stress treatments to remove solutes from both leaf 
surfaces and damaged cells due to cutting. Then the leaf discs from E. grandis and E. gunnii, 
transferred into new tubes containing fresh deionised water, were submitted to cold, heat or 
drought and kept at 25°C (control tubes), while leaf discs, branch/primary stem segments from 
transgenic lines were only submitted to cold. Each test point correspond to 4 tubes, each tube 
containing 8 leaf discs, 8 branch segments or 3 primary segments from at least three plants of the 
same species or transgenic line as biological replicates. 
For freezing tolerance test, the tubes containing 8 leaf discs in 20ml of deionised water 
were kept at 4°C for 16h in dark, and then transferred into a cryostat (CC2 Huber, Offenburg, 
Germany) for monitoring the speed of cooling. The cooling program starts at +1°C and reaches -
9°C at a speed of 2.5°C/hour. At -1°C, an ice cube (made from 3ml of deionised water) was 
added into the tube to induce freezing. The tubes were removed from the cryostat at -5.2°C; -
5.6°C; -6°C; -6.4°C, for seedlings (Figure 2.1). This program was adapted for  the transgenic 
plants and the different organs: tubes were removed at -5°C; -5.4°C; -5.8°C; -6.2°C; -6.6°C for 
leaf discs and -5.5°C; -6°C; -6.5°C; -7°C; -7.5°C; 8°C; 8.5°C for branches and primary stems. 
Then these tubes were thawed slowly at 4°C overnight. The electrolyte conductivity (Ec) of the 
solution was measured with a conductance meter (Consort C532) initially before cooling (Eci), 
after thawing (Ecf) and finally after the total destruction of the cells by autoclaving at 121°C for 
15 min (Ect). 
For heat tolerance evaluation, 8 leaf discs in 6ml of pre-heated deionised water were 
transferred in a water bath at 45°C for 15, 30, 60 and 90 min in dark condition. The electrical 
conductivity measurements were performed initially (Eci) after cooling (at 25°C for 10 min), 
next after 16h at room temperature (Ecf) and finally after autoclaving the samples (Ect) (Figure 
2.1). 
For drought resistance test, the leaf discs were transferred into 20ml of 30% PEG 6000 
for 1h, 2h, 4h, 6h and 10h at 25°C in the dark.  After each time point, the leaf discs were washed 
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quickly three times with deionised water. Electrolyte leakage was measured before (Eci), then 
after16h of rehydration (Ecf) and finally after autoclaving (Ect) (Figure 2.1).  
For all treatments, the mean values of Ec were calculated from the replicates and at least 
three independent series of each experiment were performed for E. grandis and E. gunnii. 
Finally, the cell membrane injuries expressed as an index of injury (%) was calculated as (Ecf – 
Eci)/(Ect – Eci) x 100 (Bajji et al., 2002). The index injury values represent the susceptibility to 
frost, heat or drought of the correspondent species. Data presented hereafter are pooled, for each 
experiment, from the repeated series, and a Tukey HSD test was applied to statistically analyze 
the values. 
3. Genomic resources and bioinformatics’ tools 
The E. gunnii partial draft genome sequence was made available by our group (LRSV, 
FCBA) as a part of the TreeForJoules project (ERANET-Plant genomics ANR-10-KBBE-0007). 
The genomic sequence of the E. grandis was obtained from the Phytozome website 
(https://phytozome.jgi.doe.gov/pz/portal.html).  
The 17 CBF and 6 DREB2 genes from E. grandis previously described (Cao et al., 2015) 
were used as query sequences against E. gunnii genomic sequences for identifying putative 
orthologs. Putative EguCBF and EguDREB2 proteins were submitted to Pfam 
(http://pfam.xfam.org/) and SMART (http://smart.embl-heidelberg.de/) to check the presence of 
the AP2 domain. ICE and CAMTA genes in E. gunnii were also identified by BLAST in the E. 
gunnii genome sequence using orthologous sequences from E. grandis and Arabidopsis as query 
sequence. Finally, the resulting CBF, DREB2, ICE and CAMTA sequences were checked by 
using DiALign (http://dialign.gobics.de/) and manually annotated.  
For isolating genomic sequences, primers were designed using 
http://bioinformatics.weizmann.ac.il/blocks/oligo_melt.html), Oligo Calc: Oligonucleotide 
Properties Calculator (http://www.basic.northwestern.edu/biotools/oligocals.html) and 
http://eu.idtdna.com/calc/analyzer.  Primer specificity was checked using BLAST program 
against either the NCBI databases or Phytozome (E. grandis), or E. gunnii genomic sequences. 
For transcript quantification, primer pairs were designed using the software QuantPrime 
(http://www.quantprime.de) (Arvidsson et al., 2008). 
Pairwise sequence comparison (% of identity) of the CBF and DREB2 proteins from E. 
gunnii and E. grandis was performed with the EMBOSS Needle program 
(http://www.ebi.ac.uk/Tools/psa/emboss_needle/). The multiple alignment analysis was 
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performed using Clustal X 2.0 software (Larkin et al., 2007), further inspected and visually 
adjusted using BioEdit. Using bootstrap values calculated from 1000 replicates, the phylogenetic 
trees were generated by Maximum Likelihood method and displayed using MEGA 5.2 software 
(Tamura et al., 2011).  
The analysis of the hydrophobic clusters (HCs), based on the results from Arabidopsis 
(Wang et al., 2005; Badawi et al., 2007), was performed using Clustal W on aligned CBF and 
DREB2 sequences from Arabidopsis and Eucalyptus. The putative serine, threonine and tyrosine 
phosphorylation sites were predicted by NetPhos 2.0 (http://www.cbs.dtu.dk/services/NetPhos/) 
by using 0.8 as threshold value  (Blom et al., 2004)). The prediction of ubiquitination and 
SUMOylation sites was performed using respectively UbPred (http://www.ubpred.org/) 
(Radivojac et al., 2010) and SUMOsp2.0 server (http://sumosp.biocuckoo.org/online.php) (Zhao 
et al., 2014). The PEST regions in the proteins were found by using EMBOSS program epestfind 
(http://emboss.bioinformatics.nl/cgi-bin/emboss/epestfind) with the default cutoff pest score of 
5.0 for CBF, DREB2, CAMTA and ICE proteins (Rice et al., 2000). 
Cis-element (CE) predictions were performed on promoter sequences (1500 bp from 
ATG) of both CBF and DREB2 genes from E. grandis, E. gunnii and A. thaliana by using the 
PLACE database (http://www.dna.affrc.go.jp/PLACE) (Higo et al., 1999). Based on literature, a 
short list of stress-related CEs was selected for further analysis. For each promoter sequence, the 
list of predicted CEs was manually analyzed for selecting at one locus the most precise CE 
among synonymous sequences (MACGYGB, ACGTG or CACNNG, all ABA-related CEs); in 
addition to this, since these sequences partially overlap with CANNTG, which is a cold-
responsive CE, the resulting CEs were named ABA-related/cold responsive. The manual analysis 
of promoter sequences was also required for removing palindromic duplicates (for example 
CANNTG which is predicted in both -/+ strands). Additionally, in silico analyses of promoter 
sequences were performed by using MEME software, http://meme-suite.org/ version 4.9.1 
(Bailey et al., 2006) for detecting conserved motifs (CMs) on the 1500 bp region before ATG. 
The transcription start site (TSS) was predicted on each E. grandis promoter by using Eukaryotic 
Core Promoter Predictor http://www.bioinformatics.org/yapp/cgi-bin/yapp.cgi. 
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4. RNA extraction, cDNA synthesis and quality controls 
The RNA extraction was performed on different tissues: mature leaves, stems and roots 
for E. grandis and E. gunnii seedlings, and mature leaves, primary stems and xylem for 
transgenic lines. 
Total RNAs was extracted from 50mg of frozen materials (mature leaves, primary stems, 
stems or roots) by using a protocol previously described (Muoki et al., 2012). For root RNA 
extraction, after precipitating RNA with absolute ethanol, the washing steps on columns were 
repeated at least 3 times. RNA concentration and purity were determined by using NanoDrop 
spectrophotometer ND-1000 (Thermo Scientific). RNA samples were then treated with Turbo 
DNA-free
TM
 kit (Ambion). The absence of remaining genomic DNA was confirmed by PCR 
using Tubulin primers (Egr-β-Tubulin_Fw: TGGTTCAGGGCTTGGTTCCC), and Egr-β-Tubulin_Rv: 
GCGCTTGGTCTTGATGGTTG). The integrity of RNAs was assessed by using the Agilent 2100 
Bioanalyzer, and samples with an RNA integrity number (RIN) > 7 were used for reverse 
transcription by using High Capacity cDNA Reverse Transcription Kit (Applied Biosystems), up 
to 1 µg of total RNA. The quality of cDNA was verified by using Tubulin primers as described 
above. 
5. High-throughput quantitative qRT-PCR 
Fluidigm RT-qPCR analysis, only used for gene expression analysis in E. grandis and E. 
gunnii seedlings, were conducted as described previously by the team (Cassan-Wang et al., 
2012). The five control genes (PP2A3_Eucgr.B03031; IDH_Eucgr.F02901; SAND_Eucgr.B02502; 
EF1A_Eucgr.B02473 and UBC2_Eucgr.E03515) were chosen for data normalization because they 
exhibit stable expression across different tissues and treatments. Specific primers for 17 EgrCBF 
and 6 EgrDREB (Appendix 2.1) were used for RT-qPCR experiments on both E. grandis and E. 
gunnii genes as previously described (Cao et al., 2015).  
High-throughput RT-qPCR was performed by using the BioMark
®
 96:96 Dynamic Array 
integrated fluidic circuits. Each cDNA sample was pre-amplified with a pool of primers specific 
to the target genes. The pre-amplified products were then diluted 1:2 in 10mM Tris-HCl, pH 8; 
0.1 mM EDTA, and then analyzed by RT-qPCR (95°C for 10 min, then 35 cycles of 95°C for 15 
sec and 60°C for 30 sec). The efficiency of each primer pair was evaluated as previously 
described (Cassan-Wang et al., 2012) and the specificity of the PCR products was checked by 
analyzing melting curves. The analyses of the relative expression profiles were obtained through 
the 2
─∆∆CT
 method (Livak, 2001). The experiments were performed on three independent 
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biological replicates. The resulting data were centered and scaled for normalization of transcript 
level among the different conditions (treatment or organs). A simple two-way ANOVA was 
performed on this dataset, to evaluate statistically significant effects of organs or treatments or 
organ-treatment interactions (p-value ≤ 0.05). Normalized mean values of the three biological 
replicates were then represented as a heat map and submitted to hierarchical clustering using R 
software. 
 For analysis of gene expression in transgenic lines, RT-qPCR reactions were carried out 
in 10µl of SYBR Green Master Mix (Applied Biosystems, Foster City, CA, USA), 200ng of 
cDNA and 300 nM of specific primers. Biological replicates of each PCR were run in an ABI 
PRISM 7900HT 295 Sequence Detection System (Applied Biosystems, France) using program: 
50°C for 2 min and 95°C for 10 min for the first step, then followed by 40 cycles (95°C/15sec, 
and 60°C/1min). PP2A3 and IDH were used together as reference genes for normalizing the 
RNA steady-state level and the relative changes in gene expression were also quantified using 
the 2
-ΔΔCt
 method. Expression data from RT-qPCR were analyzed using SDS 2.2 software of 
Applied Biosystem. 
6. Transactivation activity assays 
  This experiment required the construction of reporter plasmids in addition to effector 
plasmids each housing one of the EguDREB ORFs to be tested. Firstly, the isolation of the full-
length coding region of EguCBF6, EguCBF14, and EguDREB2-5 was performed through PCR, 
by using specific primers (Appendix 2.4) which allowed including BamHI and SacI sites 
respectively at the 5’ and the 3’ends, as previously described (Nassuth et al, 2014). Then, 
EguDREB1/2 ORFs were cloned under the control of 35S promoter into the pGEM-T easy 
vector (Promega). The sequences of 35S::EguDREB ORFs isolated from pGEM-T recombinant 
plasmids were controlled before sub-cloning into a modified binary vector pCAMBIA containing 
a GUS
+
 gene driven by 35S promoter (Nassuth et al., 2014). The empty vector was used as a 
negative control. The reporter constructs containing both FiLUC gene driven by 35S promoter 
and RiLUC gene driven by 4x short DRE/CRT (M1-TACCGACAT or M2- TGCCGACAT) 
min35S have been created at Nassuth laboratory, Guelph University, Ontario, Canada. Finally, 
these effectors and reporter plasmids were co-transferred into competent Agrobacterium 
EHA105 cells.  
  For transactivation experiments (principle of trans-activation via DRE/CRT in tobacco 
leaves shown in Figure 2.2, agroinfitration was conducted on the 3
rd
 and 4
th
 youngest fully 
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developed leaves of 4-5 week-old N. benthamiana (Nassuth et al., 2014). Six punches (diameter 
7mm) were collected from treated leaves 40h after agroinfiltration and frozen in liquid nitrogen 
before storage at -80
o
C. As previously described (Nassuth et al., 2014), dual luciferase 
measurements include parallel analysis of RiLUC and FiLUC activities and is completed by 
GUS activity analysis of each sample. These data allow calculating the ratio 
(RiLUC/FiLUC/GUS) for the three biological replicates for each vector/promoter tested. 
Statistical analysis of the data is performed using a Tukey’s multiple comparison tests (R 
program version i386 3.0.2). 
7. Transfer of candidate genes into Eucalyptus genome 
  Choice of vascular-tissue specific promoter for driving candidate genes  
To avoid problems due to constitutive promoter such as undesirable changes on the host 
plant such as sterility, delayed development, abnormal morphology, yield penalty (Girijashankar 
et al., 2011; Cai et al., 2007), the use of tissue-specific promoters is an attractive alternative. The 
vascular expression pattern of EgCAD2 promoter isolated from E. gunnii (Lauvergeat et al., 
2002) was shown in poplar, grape and tobacco. In addition, the 455 bp promoter sequence before 
ATG was shown to have similar transcriptional activity on roots and stems compared to the full-
length sequence. Since the CAD2 promoter is considered as a good candidate to target transgene 
expression in vascular tissues, it was used for the control of the selected candidate genes.  
Preparation of constructs 
The transformation vectors were constructed using the Golden Gate cloning system 
(Engler et al., 2008). The coding sequence of selected candidate genes (EguSHN1 and 
EguNAC65, 687bp and 1101bp, respectively) were flanked by BsaI restriction sites using PCR 
amplification with specific primers (Appendix 2.4). The resulting PCR fragments were cloned in 
pGEM-T (Promega) for constructing entry clones: pGEM-CGs (Candidate Genes) (pGEM-
SHN1, pGEM-NAC65). Based on the same method, EguCAD2 promoter sequence (455bp 
before ATG) was used to construct pGEM-CAD2 entry clone. All of these fragments were 
sequenced before performing the next step. To construct each expression vector, every pair of 
entry clones (pGEM-CAD2 and pGEM-CG) and the destination vector pBI101_DsRed were 
associated by restriction-ligation (Figure 2.3). Restriction-ligations were set up using 100 ng of 
pGEM-CAD2, 100 ng of pGEM-CG, 100 ng of pBI101_DsRed, 1µl of 10x ligase buffer 
(Promega), 2.25U of T4 ligase (3U/µl, Promega), 2.5U of BsaI enzyme (New England BioLabs) 
and a final reaction volume of 10µl with ddH2O. All reactions were incubated using the 
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following cycling conditions: 2 min at 37°C and 5 min at 16°C for 25 cycles, then 10 min at 
50°C and 15 min at 80°C. An additional step was needed for cloning EguSHN1 because of its 
internal BsaI site. After 80°C for 15 minute step, 1µl of T4 ligase was added before incubation at 
16°C for 2h and then 4°C overnight. Whole reaction volume was used for transformation of 
competent cells (DH5α strain). PCR on bacterial colonies was performed to verify that all the 
fragments had been successfully ligated into pBI101_DsRed vector and the insert orientation in 
the recombinant vector was confirmed by sequencing plasmid DNA from at least 5 positive 
colonies. Expression vectors were then introduced into AGL1 agrobacteria strain (Figure 2.3) 
and the recombinant bacteria were selected on LB medium supplemented with rifampicin 
(50μg/ml) and kanamycin (100µg/ml).  
For the selection of transgenic cells, the vectors carry both the RFP (Red Fluorescent 
Protein) gene driven by UBI promoter and the NPTII gene (kanamycin resistance) under the 
control of NOS promoter. 
  Transformation and regeneration of transgenic buds 
Transformation was carried out on in vitro microcuttings of E. urophylla x E. grandis 
maintained on M medium (Appendix 2.9) according to the protocol previously described 
(Tournier et al., 2003) by using different media (Appendix 2.10). Ten day-old microshoots were 
used as starting material for isolating 2 mm long leaves located just below the apical bud. These 
leaves were cut in half in fresh antioxidant solution (Appendix 2.12) under reduced light, dried 
on steriled Whatman paper, before transferring them into the cell reactivation medium BIPA 
(Appendix 2.10) for two days at 23°C-25°C in the dark.  
In parallel, agrobacteria were pre-cultured in the MYA medium (5ml) (Appendix 2.11) 
with antibiotics (50mg/l of rifampicin and 100mg/l of kanamycin) at 28°C for 24h with shaking 
at 200rpm. The 100µl of pre-culture solution were then transferred into 50ml of MYA medium 
supplemented with rifampicin (50mg/l), kanamycin (100mg/l) and acetosyringone (50µM) and 
cultured in the same conditions. When this agrobacterium suspension had reached an OD600 
ranging between 0.6 and 1 (optimum 0.8), it was centrifuged (10 min at 5000 rpm) before 
resuspending the pellet in C solution (Appendix 2.10) supplemented with proline (10µM) to have 
an OD600 of 0.5.  
For inoculation phase, 25 pieces of leaves were transferred into 1ml of bacterial 
suspension in 2ml Eppendorf tubes before performing sonication for 15s and vacuum infiltration 
for 5 min. For the co-culture phase (5 days at 23°C in the dark), the inoculated leaf pieces were 
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transferred into A2A solid medium (Appendix 2.10). The selective phases consisted of a 5 day-
period on BITAug (without kanamycin) medium in dark condition followed by 23 days on 
BITAugK (with 50mg/l of kanamycin) under slow light (including a transfer on fresh medium 
every 5 days). Finally, the shoot formation was induced when explants were transfered to SDM 
medium (Appendix 2.13) (fresh medium every week). After 4 weeks on SDM medium, a new 
cycle of bud induction/shoot development was applied and then positive calli were maintained 
on SDM until the positive buds were detected. 
The RFP expression was used for visual detection using microscope (excitation filter: 
546/10 nm). Small red dots observed under blue light in the early stage after transformation can 
develop into putatively transformed sectors RFP
+
. After 90 days on SDM medium, regenerated 
RFP
+
 buds were isolated using a scalpel and sub-cultured on fresh M medium for multiplication. 
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Index of injury (%) = ((Ecf – Eci)/(Ect – Eci)) x 100 
 
10 ml of deionised water, 
washing for 15 min 
6 ml of pre-heated 
deionised water 
20 ml of 30% PEG  20 ml of deionised 
water  
18h at 4°C in the dark 
Cooling to -5.2°C; -5.6°C; -6°C;  
-6.4°C at a speed of 2.5°C/hour  
Thaw at 4°C for 18h, in the dark 
Autoclave at121° for 15 min 
Eci 
Ecf 
Ect 
Put in water bath at 45°C for 15, 
30, 60 and 90 min 
Cool at 4°C for 10 min in the dark  
Autoclave at 121° for 15 min 
25°C for 16h, in the dark  
Eci 
Ecf 
Ect 
1h, 2h, 4h, 6h and 10h at 25°C in 
the dark 
25°C for 16h, in the dark  
(rehydration)  
Autoclave at 121° for 15 min 
Quickly wash for 3 times with 
deionised water  
Place in 6ml of deionized water 
Eci 
Ecf 
Ect 
Figure 2.1: Scheme of the method for estimation of injury index in freezing (-5.2, -5.6, -6, -6.4°C), heat (45°C) and drought (30% PEG 6000) condition in 
leaf discs of seedlings. Initial electrical conductivity (Eci), final electrical conductivity (Ecf) and total electrical conductivity (Ect) were measured in each time 
point in each treatment. 
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A) 
Figure 2.2: Principle of trans-activation via DRE/CRT in tobacco leaves. (A) DREB genes were driven by 35S 
promoter, while RiLUC was controlled by 4xCRTmin35S promoter. GUS activity represents amount of activator 
plasmid and FiLUC activity represents amount of reporter plasmid. (B) Transactivation procedure (Adapted from 
Nassuth et al., 2014). 
4-5 
weeks seed
s 
 
 
 
 
 
 
 
 
 
 
Agrobacteria with activator &  
Agrobacteria with reporter      
 
40-48 hours 
Agroinfiltration 
o/n 
rif + kan 
Measurement            RiLUC & FiLUC          GUS activities 
Prepare extracts and aliquots, store at -80 
o
C 
 
B) 
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Figure 2.3: Principle diagram of the Golden Gate technique. The interest sequences flanked by BsaI restriction 
sites are amplified by PCR. The PCR products obtained were inserted into the pGEM-T vector to make entry vectors. 
The entry clones were then combined with the destination vector with the action of the BsaI enzyme to get the 
expression vector. Finally, it is transferred into Agrobacteria before transformation of E.urophylla x E. grandis young 
leaves. 
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1. Characterization and transcriptional analysis of ICE and CAMTA genes identified 
from Eucalyptus 
Identification and characterization of putative ICE and CAMTA genes in E. gunnii 
Thanks to availability of a whole E. gunnii genome sequence in the frame work of 
TreeForJoules project (LRSV, FCBA), EguICE was identified from E. gunnii, based on the 
unique EgrICE annotated sequence (Wisniewski et al., 2014). The number of ICE genes in 
Eucalyptus is fewer than that from other species compared to the two ICEs annotated in 
Arabidopsis thaliana or Populus trichocarpa and three in Vitis riparia. The alignement of the 
protein sequences (Figure 3.1) shows at the C-terminal region of ICE proteins a common 
bHLH/ZIP DNA binding domain which includes the ICE-specific sequence 
KMDRASILGDAIEYLKELL and the “Ser403” phosphorylation site. There is in addition 
three other conserved domains between the plant species under study: domain II 
(GAQPTLFQKRA) or Box I (part of an important domain for ICE activity) (Badawi et al., 
2008), domain I (VDSSSSCSPS) and domain III (SGLNYDSD) (Moody, 2009). The 
Eucalyptus ICEs have putative sumoylation (VKEE) motif but no putative PEST sequence in 
contrast to Arabidopsis and Vitis. Serines (S) and threonines (T) were also predicted as 
putative phosphorylation sites (Figure 3.1).  
The analysis of the four EgrCAMTAs protein sequences shows also conserved regions 
CG-1 (DNA binding domain) at N-terminal end, a TIG domain, ANK repeats, together with 
IQ motifs and CaMB domain at C-terminal end (Appendix 3.1A). Four EguCAMTA genes 
were also identified in E. gunnii for the first time, but unfortunately their sequences are only 
partial. CAMTA3 and CAMTA4 have all five conserved regions, in contrast to shorter 
sequences such as CAMTA1 which only have IQ motifs and CaMB domain and CAMTA2 
only contains CG1 domain.  
Recent classification (Rahman et al., 2016) divided CAMTA proteins from 35 plant 
species into three major groups (I–III) with groups I and II further divided into two subgroups 
(a and b) while groups III separated into five subgroups (a-e). The duplication of CAMTA 
genes belonging to group I from Arabidopsis, Populus and Malus (Figure 3.2) is not observed 
in E. grandis as reported for Vitis and Citrus which exhibit similar number of CAMTA genes 
compared to Eucalyptus. In addition, no Eucalyptus CAMTA belonging to Ia group was 
identified, in contrast to all other 27 species which have been described (Rahman et al., 2016). 
This suggests that the evolution of CAMTAs in Eucalyptus is distinct from most of the plant 
species and the regulation of these genes may be also different.  
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Figure 3.1: Eucalyptus ICE proteins predicted based on the sequences identified in Eucalyptus genomes. (A) Alignment of the two protein sequences from E.  
grandis and E. gunnii (red arrows) with ICE protein sequences from Arabidopsis, Populus and Vitis. Conserved domains I–III, SUMO (sumoylation) motifs and 
predicted phosphorylation sites (shaded T or S) are indicated. (B) Schematic representation of the domains in Eucalyptus ICE1 proteins. The conserved C-terminal 
domain is indicated in light gray, the bHLH domain in dark gray containing the ICE-specific sequence in red, domains I to III at the N-terminus, and sumoylation 
(SUMO) motifs. 
 B
Domain I Domain II Domain III bHLH/Zip SUMO 
A 
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Figure 3.2: Phylogenetic relationship analysis of CAMTA gene families between E. grandis, E. gunnii, 
V. vinifera, P. trichocarpa and A. thaliana. Full-length protein sequences of four Eucalyptus CAMTAs, 
four Vitis CAMTAs, seven Populus CAMTAs and six Arabidopsis CAMTAs (AtCAMTA1_At5g09410, 
AtCAMTA2_At5g64220, AtCAMTA3_At2g22300, AtCAMTA4_At1g67310, AtCAMTA5_At4g16150, 
AtCAMTA6_At3g16940), were used to build this phylogenetic tree with Maximum Likelihood method. 
Bootstrap values are presented for all branches. CAMTA members belong to different sub-groups 
according to Rahman’s classification (Rahman H. et al., 2016). 
Ia 
IIa 
IIIc 
IIIb 
IIIe 
Sub-group 
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Expression profile of ICE and CAMTA genes under abiotic stresses in E. grandis 
and E. gunnii 
The expression analysis of ICE and CAMTA genes was performed to evaluate their 
regulation in E. grandis and E. gunnii under cold, heat and drought treatment. 
The expression analysis in mature leaves of E. gunnii and E. grandis (Figure 3.3) 
shows that both CAMTA and ICE genes are constitutively expressed. Expression of EgrICE is 
significantly higher than the control only after 8h of cold treatment, while it looks down-
regulated after drought exposure. In contrast, CAMTA1 and CAMTA2 are above all drought 
responsive and CAMTA3 and CAMTA4 are poorly regulated at transcriptional level. 
EgrCAMTA4 is significantly down-regulated by all the stresses. 
The two species mainly differ by CAMTA1 and CAMTA2 expression which is higher 
in E. gunnii in drought condition. Therefore, it can be envisaged that DREB up-regulation 
might be mediated by ICE under cold and CAMTA1 and CAMTA2 under water deficit. These 
genes exhibit higher induction in E. gunnii compared to E. grandis. 
Discussion  
Basal expression of ICE is also observed in other plant species such as Arabidopsis 
(Chinnusamy et al., 2003), wheat (Badawi et al., 2008), Vitis (Xu et al., 2014), tea (Wang et 
al., 2012), and E. camaldulensis (Lin et al., 2014). In contrast to E. camaldulensis, EgrICE 
and EguICE are also induced under cold treatment. 
CAMTA genes are known to be expressed in many different organs in basal condition 
with higher level in stems and roots than in leaves (Yang and Poovaiah, 2002; Yue et al., 
2015). Transcriptional responses of CAMTAs to diverse environmental stresses, such as cold, 
heat, drought and high salinity have been reported in Arabidopsis (Yang and Poovaiah, 2002; 
Doherty et al., 2009; Pandey et al., 2013), strawberry (Leng et al., 2015), and tomato (Yang et 
al., 2013). Expression patterns of CAMTA genes are different between E. grandis and E. 
gunnii. The strongest up-regulation of CAMTA1 and 2 under drought stress in E. gunnii 
compared to E. grandis, together with the E. gunnii better drought tolerance, suggests that 
these genes may contribute to drought tolerance.   
An importance of CAMTA1 in regulating drought response has been proved in 
Arabidopsis. The knockout of camta1 results in drought sensitivity, poor root growth, and a 
decrease in water use efficiency (Pandey et al., 2013). Eucalyptus CAMTA1 is AtCAMTA1 
(At5g09410) ortholog, indicating a conserved function in drought response. Unlike the data 
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presented for AtCAMTA1, Eucalyptus CAMTA1 is not very quickly up-regulated under cold 
and heat treatments but only after 1h-4h of treatment (Yang and Poovaiah, 2002). The 
difference may be due to the experimental conditions, in particular the duration of treatment. 
  
Figure 3.3: Relative expression level of ICE, CAMTA1-4 genes under cold (C) at 4°C, heat  (H) at 38°C and 
drought (D) for 1h and 8h in leaves of E. grandis and E. gunnii. Results are mean ± SD of three biological 
replicates. Statistically significant differences were calculated by using Tukey HSD test. Different stars on error 
bars indicate significant differences between control (T0) and stress conditions at P < 0.05 (*), P < 0.01 (**) or P < 
0.001 (***). 
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In Arabidopsis, both CAMTA3 (At2g22300) and CAMTA4 (At1g67310) were induced 
by cold and heat stresses (Yang and Poovaiah, 2002; Doherty et al., 2009). In contrast, the 
Eucalyptus CAMTA3 and CAMTA4 orthologs were not up-regulated in the tested conditions. 
Nevertheless the up-regulation could occur either in distinct organs or in different conditions. 
2. Identification and characterization of CBF and DREB2 in E. gunnii compared to E. 
grandis orthologs 
Sequences related to both EgrCBF and EgrDREB2 genes were detected in E. gunnii by 
using the hidden Markov model of the SMART/Pfam tool. Based on the presence of AP2 
DNA-binding domain, 30 putative EguCBF and six putative EguDREB2 sequences have been 
identified. First, the general structure of DREB2 and CBF factors from the two Eucalyptus 
species were investigated in comparison to Arabidopsis. Then the comparisons of CBF and 
DREB2 protein sequences between Eucalyptus species were performed for identifying 
orthologous sequences.  
Structural comparison between DREB2 and CBF factors 
All the protein sequences from E. gunnii exhibit the typical characteristics of CBF and 
DREB2 proteins, corresponding to the DNA binding AP2 domain, which is composed of 
three β-sheets and one α-helix. This highly conserved AP2 domain has identical for 14th 
valine (V) and 19
th
 glutamate (E) together with three elements YRG, WLG and RAYD, which 
are features of most of the members of ERF and DREB subfamily (Appendix 3.2). Similarly 
to other plant species, the typical signature sequences PKKR/PAGRKKFxETRHP and 
DSAWR (motif 3 and 2, respectively) flanking AP2 domain are highly conserved in EguCBF 
sequences but not in EguDREB2 sequences (Appendix 3.3). Outside the DNA binding 
domain, conserved regions predicted to play a role in nuclear localization (NLS), 
transcriptional activity or protein stability make also the difference between CBF and DREB2. 
The acidic C-terminal domain, previously described in CBF from Arabidopsis, is composed 
of six hydrophobic clusters (HC1-6), which is known to be responsible for the target gene 
transactivation. The HC2-HC6 clusters were conserved in the CBF from Eucalyptus except of 
CBF5, 15-17 sequences (Appendix 3.4). 
Because of the incomplete genome sequence and the numerous isolated CBF sequences 
from E. gunnii, different analyses for identifying orthologs of the E. grandis sequences were 
required. To know which EguCBF or DREB2 are E. grandis orthologs, the comparison of 
protein identity was first performed. 
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Identification of DREB2 ortholog in E. grandis 
The ortholog identification, first investigated through pairwise sequence comparisons 
with E. grandis sequences, shows a very high identity (more than 97%) by pair of DREB2 
proteins from E. gunnii and E. grandis, leading to conclude that EguDREB2 proteins are 
unambiguous orthologs of EgrDREB2 (Table 3.1A). This high level of identity between 
orthologs contrasts with the very low similarity between paralogs (less than 38% identity) 
within Eucalyptus species. In addition, information from NCBI EST databases have strongly 
suggested the presence of an alternative DREB2-3 form in E. grandis stressed seedlings 
(HS062982) and E. camaldulensis stem (FY826281). Using PCR amplification on cDNA for 
both E. gunnii and E. grandis, two different transcript sequences of DREB2-3 have been 
experimentally isolated from both species (Figure 3.4). The transcript 1 (DREB2-3.1), which 
contains the exon 1 together with a part of intron1, corresponds to the EgrDREB2-3 
previously described from the first phytozome annotation (Cao et al., 2015).  
  
Figure 3.4: Scheme illustrating identification of two transcripts of DREB2-3 gene in E. gunnii. A) 
Structure of genomic sequence without AP2 domain is annotated on the latest phytozome version of E. 
grandis genome. B) Isolation of several c-DNA products by using sets of primer to confirm transcript1 and 
transcript 2 sequences. AP2 domain is indicated in yellow box. (C) Structure of two transcripts of 
EguDREB2-3. 
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The transcript 2 sequence (DREB2-3.2), which is highly related to ESTs found in NCBI 
database, is composed of the four exons as predicted in Phytozome V2.0. Consequently, the 
two transcripts share the exon 1 sequence composed of incomplete CMIV-I motif (N-terminal 
part), the conserved AP2 domain and the following 23 residues, but differ on C-terminal ends. 
The resulting two DREB2-3 transcript forms (Figure 3.4C) are very different in length (136 
and 458 residues respectively for DREB2-3.1 and DREB2-3.2), similarly for the two 
Eucalyptus orthologs. 
As described for EgrDREB2-5, the predicted EguDREB2-5 contains an intron. 
Therefore, the isolation of the CDS sequence of this gene from cDNA allowed confirming the 
presence of the predicted intron (482bp). This CDS was used for transactivation experiment in 
the next step. 
Identification of CBF ortholog in E. grandis 
For CBF group, the identification of the orthologs was more challenging. First, the 
full-length CBF proteins from both species were compared through pairwise sequences (Table 
3.1B) and phylogenetic relationships (Appendix 3.5). Based on these analyses, only five 
orthologs have been identified unambiguously (more than 90% of identity with only one E 
grandis sequence): EguCBF-A, D, E, HH, and LL with respectively EgrCBF1, 3, 4, 15 and 17 
(Table 3.1A). In contrast, seven EguCBF proteins (CBF-B, C, R, S, T, U and V) are similar to 
one and the same sequence from E. grandis (EgrCBF2, >92% identity).  
As previously described for EgrCBF3 (Cao et al., 2015), a start ATG codon at the 
normal position for a typical CBF sequence is lacking on the predicted EguCBFD. Therefore, 
the corresponding genomic and cDNA sequences were newly sequenced on amplified DNA. 
As for E. grandis, the genomic sequencing results show that the G residue (located 49 
nucleotides before predicted CDS) is substituted in 40% of the sequences by an A, resulting in 
a new start codon (ATG). Since additional analyses showed that only A residue was present 
on the transcript sequence, and therefore, only the sequence including the ATG is considered 
for further analyses. 
Proteins belonging to the E. grandis subgroup A (EgrCBF6, 8 and 10) are so close to 
each other (more than 88.6% identity) that it was impossible to find unambiguous E. gunnii 
ortholog within the related subgroup (EguCBF-I, K and G). The same situation is observed 
for E. grandis subgroup B (EgrCBF7, 9, 11, 13 and 14) and E. gunnii putative orthologs 
(EguCBF-H, L, N, P, Q and X) because they share more than 91% of residues.  
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Table 3.1: Pairwise sequence comparison (% of identity) of DREB2  (A) and CBF proteins 
(B) from E. gunnii and E. grandis. Bolded numbers correspond to the most identical 
sequences. Dark grey and light grey indicate the highest identity (>90%) and high identity 
(>75%) among sequences, respectively.   
A) 
  EgrD2-1 EgrD2-2 EgrD2-3.1 EgrD2-3.2 EgrD2-4 EgrD2-5 EgrD2-6 
EguD2-1 100 31 21 21 31 24 18 
EguD2-2 30 97 27 16 35 28 21 
EguD2-3.1 19 34 98 20 30 24 28 
EguD2-3.2 23 34 21 98 30 31 20 
EguD2-4 31 35 25 16 98 28 19 
EguD2-5 24 29 29 18 33 100 32 
EguD2-6 18 23 27 12 22 32 97 
B) 
 Incomplete sequences (*)  
 
Egr 
CBF1 
Egr 
CBF2 
Egr 
CBF3 
Egr 
CBF4 
Egr 
CBF5 
Egr 
CBF6 
Egr 
CBF7 
Egr 
CBF8 
Egr 
CBF9 
Egr 
CBF10 
Egr 
CBF11 
Egr 
CBF12 
Egr 
CBF13 
Egr 
CBF14 
Egr 
CBF15 
Egr 
CBF16 
Egr 
CBF17 
EguCBF_A 98,3 76,9 57,6 67,7 32,6 77,7 73,9 78,6 75,7 74,2 73,5 76 75,2 76,1 15 41,9 42,1 
EguCBF_B 75,5 96,9 70,1 81,7 39,9 75,2 71,7 76,1 72,7 73 71,7 74,3 73 73,1 47,9 37,8 37,2 
EguCBF_C 74,8 97 69,5 81,2 39,9 75,2 71,7 76,1 73 72,6 71,7 74 73 73,5 47,9 37,8 38,4 
EguCBF_R 79,9 92,3 68,9 80,2 38 71,6 68,1 72,2 69,9 69,1 69 70,4 69,9 70,4 46,5 38,4 38,4 
EguCBF_S 76 98,5 69,9 81,7 34,9 75,7 72,1 76,6 73,9 73,4 72,6 74,8 73,5 74,3 46,7 37,6 38,1 
EguCBF_T 75,1 97 69,9 81,6 40,3 75,2 71,7 76,1 73 73 71,7 74,3 73 73,5 47,5 39 38,8 
EguCBF_U 76 96,4 68,9 80,1 34,1 73,9 72,1 74,8 73,9 71,6 72,6 73 73,5 74,3 45,9 37,3 37,8 
EguCBF_V 71,2 93,4 70,9 84,7 38,8 77,5 72,6 78,4 73,9 75,2 73,6 77,5 73,9 74,3 47,2 38,3 38,5 
EguCBF_D 57 70,1 97,6 74,3 39,2 60,6 56,9 61,5 58,7 59,7 57,3 62,4 59,1 59,1 41,5 32,5 32,9 
EguCBF_E 67,7 84,2 74,7 98,9 40,3 76,8 73,2 77,3 74,6 74,5 71,9 75,5 75 74,6 44,1 38,3 37,9 
EguCBF_F 33,5 40,7 47,3 43 55,6 34,8 31,2 36,8 32 35,4 30,4 36,3 31,6 31,6 24,8 22,3 22,5 
EguCBF_G 76,4 76,1 60,9 75,5 34,1 95,9 80,9 95 81,8 88,6 79,2 90,5 82,2 82,7 46,8 38 38,4 
EguCBF_I 79,5 77,9 63,6 78,2 36,7 96,4 81,3 96,4 82,2 90,9 80 91,8 82,7 82,7 48,4 39 39,7 
EguCBF_K 76,9 75,2 60,5 75 34,4 97,3 78,7 96,4 79,6 89,1 77,3 90 80 80,4 47,1 37,2 39 
EguCBF_M 56 64,5 53,5 65,4 36,3 64,5 60,3 65,3 57,7 64,7 53,9 72,5 62,1 54,5 40,8 35,8 34 
EguCBF_J 60,3 59,7 52 57,6 33,6 66,4 75,9 67,6 77,2 64,9 79 66,2 78,1 79 38,4 34,5 32,2 
EguCBF_L 73,5 73 56,7 71 32 77,9 91,1 79,1 94,6 76,9 98,7 78,7 94,6 95,1 44,7 40,3 40,6 
EguCBF_N 74,3 73,5 58 72,3 34,9 79,6 92,9 80,9 96 78,7 94,2 80 96,4 96,9 44,2 40,3 39,9 
EguCBF_O 55 68,4 58,8 73,7 39,9 61,8 63,4 61,8 65,6 57,7 62,9 59,1 65,2 65,6 40,4 31,1 30,8 
EguCBF_P 74,3 72,6 58,9 72 33,7 80 91,5 81,3 93,3 78,7 93,3 80,9 93,8 96 45 39,7 40,1 
EguCBF_Q 74,3 72,1 57,8 72 32,7 79,1 91,1 80 93,8 77,3 91,5 78,2 93,8 96 45,5 38,7 39 
EguCBF_H 73,6 73,9 58,2 72,3 31,9 78,8 93,3 80 92,9 77,3 92,9 78,7 93,8 94,6 45,8 39,7 38,9 
EguCBF_W 77,4 75 57,9 71,5 32,9 80,7 83,8 81,6 84,6 77,6 83,8 80,7 84,2 84,7 46,9 42,3 40,7 
EguCBF_X 75,2 74,3 57,6 72,8 30,9 80 92,4 80,9 94,6 77,8 93,3 79,6 95,5 95,1 45,1 38,6 40,6 
EguCBF_HH 48,6 46,4 41,8 44,3 27,8 47,5 43,3 45,8 45,3 44,6 44,5 46,6 43,2 45,7 99,2 46,8 47,1 
EguCBF_II 35,4 32 28,4 30,3 19,7 33,7 31,8 32,1 32,9 31,1 32,3 32,3 33,6 33,1 67,9 36,2 35,2 
EguCBF_JJ 41 37,5 31,1 38,2 28,3 39,4 39 40,7 39,3 38,2 41,2 39,1 41 40,5 47,5 97,9 92,4 
EguCBF_KK 40,5 37,8 31,2 38,3 23,2 38,8 39,4 40,1 41,9 38,2 40,9 38,6 41,9 41,4 46,3 95,2 92,5 
EguCBF_LL 42,1 39 32,5 39,4 29,8 38,5 37,5 40,5 39,7 38,5 40,6 40,3 39,7 39,5 45,1 91 97,6 
EguCBF_MM 42,3 39 38,4 38,3 28,4 38,2 37,2 39,7 39,3 36,1 38,3 38,8 39,3 39,3 42,7 64 66,4 
* 
* 
* 
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Besides, EguCBF-J and W sequences could also be putative orthologs of E. grandis proteins 
from B group due to significant homology (respectively more than 75.9 and 83.8% of 
identity). Despite a lower identity, some unique putative orthologs are considered for 
EguCBF-F, O and M (which are partial in length). The closest sequences in E. grandis are 
respectively EgrCBF5, 4 and 12 (55.6, 73.7 and 72.5% of identity). The low similarity 
between EgrCBF5 and its ortholog is due to incompleted sequence of EguCBF5. In addition, 
despite low homology with E. grandis CBF, the closest sequences of EguCBF-II and MM are 
respectively EgrCBF15 and 17 (67.9% and 66.4% identity). To summarize, these first 
pairwise comparisons allowed associating 23 E. gunnii sequences with 16 putative orthologs 
from E. grandis (with more than 94% of identity). However, the correspondences are not 
always unambiguous, additional analyses were required for identifying strict orthologs. 
First, sequence alignments together with phylogenetic analysis of C-terminal domain 
allowed confirming previous annotation and associating more robustly EguCBF-K, H, N, L, 
M, P&Q HH&II, LL&MM respectively to EgrCBF-6, 7, 9, 11, 12, 14, 15 and 17. Next, 
predictions of phosphorylation sites on full-length CBF proteins have confirmed most of the 
results presented above except for associating EguCBF-N with EgrCBF13, instead of 
EgrCBF9 (Appendix 3.6). Finally, phylogenetic analyses of CBF promoter sequences 
(1000bp-length before ATG from both species) have provided more precise comparisons 
between individual sequences (Appendix 3.7). However EguCBF-K and O are respectively 
associated to EgrCBF10 and 14, which is different from previous results. 
Through considering only EguCBF sequences satisfying at least two criteria from the 
four presented in Table 3.2, strict putative orthologs of EgrCBF can be proposed. The results 
show that eight EguCBF-(A, D, E, F, H, L, M and N) can be considered as unambiguous 
orthologs of respectively EgrCBF-(1, 3, 4, 5, 7, 11, 12 and 13). In addition, since more than 
one putative ortholog gene is found in E. gunnii for most of E. grandis CBF genes, it can be 
hypothesized that they are either allelic forms or duplicated copies (paralogs). Existence of 
allelic forms may be suggested for the EguCBF pairs (P-Q, HH-II, JJ-KK and LL-MM) which 
correspond to four unique sequences in E. grandis (respectively EgrCBF-14, 15, 16 and 17). 
In the case of EgrCBF2, which corresponds to seven EguCBF-(B, C, R, S, T, U and V), the 
hypothesis of additional copies in E. gunnii genome was experimentally tested. PCR on 
genomic DNA was performed by using specific primers targeting promoter regions since it 
was impossible to design primers for amplifying specifically the seven CDS sequences. The  
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Table 3.2: Comparison of E. gunnii and E. grandis sequences based on four criteria for ortholog identification. 
Sequences satisfying at least two of four criteria are considered to be strict putative orthologs. 
 
E. 
grandis 
Pairwise comparison 
(full length protein) 
Bold > 88% identity 
Protein characteristics 
Nucleotide 
sequence Strict putative 
orthologs  
in E. gunnii C-terminal 
Phosphorylation 
sites 
1kb before ATG 
EgrCBF1 CBF_A CBF_A, R CBF_A CBF_A CBF_A 
EgrCBF2 CBF_B, C, R, S, T, U, V 
CBF_B, C, S, T, U, 
V 
CBF_B, C, R, S, T, U, V CBF_B, C, R, S, T, U, V CBF_B, C, R, S, T, U, V 
EgrCBF3 CBF_D CBF_D Nd CBF_D CBF_D 
EgrCBF4 CBF_E, O CBF_E CBF_E Nd CBF_E 
EgrCBF5 CBF_F
 Nd Nd CBF_F CBF_F 
EgrCBF6 CBF_G, I, K CBF_K CBF_G, I Nd  
EgrCBF8 CBF_G, I, K CBF_G, I, K CBF_K, I Nd  
EgrCBF10 CBF_G, I, K Nd CBF_I CBF_K  
EgrCBF12 CBF_M CBF-M CBF_M Nd CBF_M 
EgrCBF7 CBF_H,  L, N, P, Q,  X, J, W CBF_H CBF_H, X Nd CBF_H 
EgrCBF9 CBF_H,  L, N, P, Q,  X,  J, W CBF_N Nd Nd  
EgrCBF11 CBF_H,  L, N, P, Q,  X,  J, W CBF_L CBF_L, J CBF_L CBF_L 
EgrCBF13 CBF_H,  L, N, P, Q,  X,  J, W CBF_N, X CBF_N CBF_N CBF_N 
EgrCBF14 CBF_H,  L, N, P, Q,  X,  J, W CBF_P, Q CBF_P, Q CBF_O CBF_P, Q 
EgrCBF15 CBF_HH, II CBF_HH, II CBF_HH CBF_HH, II CBF_HH, II 
EgrCBF16 CBF_JJ, KK CBF_JJ, KK CBF_JJ CBF_JJ CBF_JJ, KK 
EgrCBF17 CBF_LL, MM CBF_LL, MM CBF_LL, MM CBF_LL, MM CBF_LL, MM 
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amplification was successful for EguCBFC, R and V sequences, suggesting the presence of at 
least one additional copy of EgrCBF2 in E. gunnii genome. Finally, it is impossible to 
conclude about the other genes because of ambiguous results, in particular for A subgroup in 
both species, since EguCBF-I, K, G are together very close to EgrCBF6-8-10. No ortholog in 
E. grandis was found for EguCBF-J, X and W sequences, and only EgrCBF9 ortholog could 
not be identified in E gunnii. 
In conclusion, the number of DREB2 genes is the same between E. gunnii and E. 
grandis (6 genes, 7 transcripts) and they look like the close related orthologs. For CBF, 
analysis of protein and promoter sequences in E. gunnii shows that there is at least one 
sequence corresponding to each E. grandis ortholog, but for EgrCBF6, 8, 9 and 10 it is 
impossible to determine what E. gunnii CBF sequence is really the ortholog. In addition, since 
more than one putative ortholog gene is found in E. gunnii for most of E. grandis CBF genes 
(in particular for EgrCBF2), it can be hypothesized that they are either allelic forms or 
duplicated copies (new paralogs). Two sequences were proposed in the cases of CBF-P-Q, 
CBF-HH-II, CBF-JJ-KK, and CBF-LL-MM as orthologs of respectively EgrCBF14-15-16-17, 
suggesting the existence of allelic forms. But in contrast, the EguCBF-A-D-E-F proteins were 
found to be related with only one sequence in E. grandis genome (respectively EgrCBF1-3-4-
5), suggesting that not all the sequences are represented by pairs in E. gunnii genome. Besides, 
the PCR amplification results showed that there is at least one additional copy corresponding 
to the EgrCBF2 ortholog. 
Discussion 
CBF and DREB2 genes have been identified in many species such as Arabidopsis 
(Nakano et al., 2006), Populus (Chen et al., 2013), Vitis (Licausi et al., 2010), Malus (Zhao et 
al., 2012) and Eucalyptus (Cao et al., 2015). E. gunnii DREB subfamily shares with E. grandis 
a common feature in the number of CBF and DREB genes, with the presence of numerous 
EguCBF genes and a moderate number of EguDREB2. To date, the largest number of CBF 
genes was found in Medicago and E. grandis, both with 17 CBF genes (Tayeh et al., 2013; 
Cao et al., 2015). The present work shows that this huge CBF expansion concerns the cold-
specialized paralogs which have also been duplicated in Arabidopsis, but at a much lesser 
extent. Strikingly, additional copy experimentally evidenced as EgrCBF2 ortholog suggests 
that the CBF group may have undergone an even more important expansion in E. gunnii than 
in E. grandis. 
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A role of CBF in abiotic stress tolerance, particularly in cold tolerance is commonly 
admitted. Expansion of CBF likely results from duplication events (Li et al., 2015) and may be 
involved in adaptation mechanism to low temperature in plants. Indeed, more CBF genes may 
lead to increase the number CBF transcripts and provide a selective advantage during winter 
(Cao et al., 2015). According to our results, the number of CBF genes is likely higher in E. 
gunnii than in E. grandis. Knox et al. (2010) reported that winter wheat has two extra CBF 
genes contributing to higher freezing tolerance compared to the spring species. Maybe the 
extra copy number observed in E. gunnii provides a higher amount of transcripts under stress 
for a better cell protection.  
The slight differences predicted around important amino acid positions of the AP2 
domain and the very different C-terminal domain of transactivation between CBF and DREB2 
suggest that these two groups may differentially bind to and activate target genes.  
3. Comparative in silico analysis of CBF and DREB2 promoter sequences from E. 
grandis, E. gunnii and A. thaliana 
In silico analyses of promoter sequences (1500 bp before ATG) of CBF and DREB2 
genes from E. grandis, E. gunnii and A. thaliana were performed by firstly using PLACE 
software to predict the number and position of stress-related cis-elements (CEs) and secondly 
MEME software to detect the conserved motifs (CMs).  
Prediction of cis-elements in DREB2 and CBF promoters  
According to literature, 37 CEs (Table 3.3) were selected and classified into eight 
categories of stress responses (DRE, ABRE, MYB, WRKY, Cold-, Heat-, Hormone stress- 
and Light-responses). That includes CEs involved strictly in response to cold or to ABA 
(ABA-dependent response to dehydration) but also to both signals (ABA-related/cold 
responsive CEs). Comparison of CEs in the promoter of CBF and DREB2 genes from E. 
grandis and E. gunnii (Appendix 3.9) shows that the number of CEs which belong to each 
stress category is very similar between the two species. Total number of CEs belonging to 
each stress category indicated that the promoters of CBF (Table 3.3-A) and DREB2 (Table 
3.3-B) genes from E. grandis and A. thaliana are very rich in predicted CEs. The DREB2 
promoters from both species exhibit a similar total number of predicted CEs in which 
surprisingly, cold responsive CEs are well represented. In contrast, the number of predicted 
CEs related to cold and heat is higher for most of EgrCBF compared to AtCBF promoters. 
Furthermore, DRE-CEs are predicted on EgrCBF in contrast to AtCBF promoters, suggesting 
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a possible self-regulation or cross-regulation through DREB factors. The predictions for CEs 
related to the other categories (ABRE, Hormone stress- and Light-responses) are quite similar 
between CBF promoters from both species. In addition to this global overview, the high 
representation of some predicted CEs (MYCCONSENSUS, ARR1AT and GATABOX) 
suggests that they might assume a large part of respectively cold, hormone or light responses. 
With regard to ABRE, a similar number of ABA-related/cold responsive CEs is interestingly 
predicted on CBF and DREB2 promoters from both species, but unexpectedly the two specific 
ABA-related CEs found on CBF promoters (mainly from Eucalyptus) are not detected on 
DREB2 sequences from both species. When looking at the proximal region (500 bp before 
ATG), a higher density of relevant CEs (e.g. ICEr more accurate than MYCCONSENSUS) is 
observed. In addition, several cold-related CEs are found grouped together into modules 
located in the same zone of several CBF promoter sequences. This analysis of predicted CEs 
reveals differences between species and between CBF and DREB2 promoters but 
unfortunately, do not allow the classification of the CBF genes as suggested by transcriptional 
analysis.  
Prediction of CE motif on DREB2 and CBF promoters 
The use of MEME software allowed conserved motifs (CMs) to be detected on CBF 
and DREB2 promoter sequences, as shown at http://www.polebio.lrsv.ups-tlse.fr/cgi-
bin/gb2/gbrowse/eucaProm/?name=promoter%3A1..1501. Interestingly, no motif was detected 
on the EgrDREB2, AtDREB2 and AtCBF while 20 CMs were detected on the EgrCBF 
promoter sequences (Figure 3.5). First of all, the transcription start sites were predicted as 
included in CM1 for all the EgrCBF promoter sequences (on the distal CM1, when two 
CM1were predicted). Except for CBF1, 12, 15, 16 and 17 genes, the EgrCBF promoter 
sequences contain more than seven CMs, very often mapped at the same locus for different 
genes (Figure 3.5). Among the highly represented motifs (CM1-2-3-5-6-7-9-11) found in at 
least 11 from the 17 CBFs, some of them (CM1-2-3-9-14) are found located in the proximal 
region (500 bp sequence before ATG). In the distal region, CM8-13-17-19 and CM16-18 seem 
to be specific to CBF groups, respectively CBF7-9-11-14 and CBF16-17. As shown in Figure 
3.5, this typology is related to the main clades deduced from protein phylogenetic tree (Cao et 
al., 2015) which allowed separating the main groups: CBFA (6-8-10-12), CBFB (7-9-11-13-
14) and CBF15-17. Interestingly, this typology is also in agreement with the presented 
expressional data suggesting a differential regulation for CBF2-14 genes, specifically cold 
responsive, and CBF1, 15-17 genes, mainly generalist.   
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Table 3.3-A : Prediction of selected stress-related cis-elements on promoter sequences (1500bp) of CBF from E. grandis (C1-17) and A. thaliana 
(AtC1-4) 
Regulation Cis-eelement name Cis-element sequence C1 C2 C3 C4 C5 C6 C8 C10 C12 C7 C9 C11 C13 C14 C15 C16 C17 AtC1 AtC2 AtC3 AtC4
Cold_responsive MYCCONSENSUSAT CANNTG 7 4 5 4 6 6 7 4 2 7 7 8 7 7 6 4 3 1 2 6 4
CGCGBOXAT-CAMTA binding VCGCGB/CGYG 2 2 2 2 1 1 1 2 3 1 1 1 4 1 1 1 1
ICE-r1 CACATG 2 1 1 1 1 1 2 1 1 1 1 1
ICE-r2/ r2_like ACTCCG/ NCTCCG 3 5 2 2 3 2 2 6 4 1 1 2 4 1 1 1
TOTAL 12 12 10 9 11 9 10 12 6 11 12 10 9 10 10 6 8 3 5 8 5
Heat_responsive STRE AGGGG 2 4 1 4 2 4 4 9 6 2 4 2 6 7 1 3 3 2 1
CCAATBOX1 CCAAT 4 2 6 3 4 5 6 4 4 6 4 8 4 5 3 4 3 7 2 2 4
PRECONSCRHSP70A SCGAYNRN15HD 1 2 1 1 1 1 2 1 2 3 1
TOTAL 7 8 7 7 6 9 10 14 11 9 8 11 10 14 5 9 9 7 5 2 4
ABA_related/cold responsive DPBFCOREDCDC3 ACACNNG 4 2 4 2 2 3 3 4 3 1 1 2 1 3 1 3 3 4 1 2 2
ABRELATERD1 ACGTG 1 1 2 1 2 1 1 1 3 2 1 1 1 5 2 4 2 2 2
ABRERATCAL MACGYGB 1 1 1 2 3
ABA_related ACGTCBOX AACGTT 1 1 1 1 1 1 1 1 1 1 1 1 1
ABREBZMRAB28 TCCACGTCTC 1 1
TOTAL 5 5 6 4 5 5 5 7 4 5 4 3 2 5 6 8 8 9 1 4 8
MYB-related MYBCOREATCYCB1 AACGG 3 2 1 1 1 7 5 1 1 1 1 1 3 1
MYB1AT WAACCA 1 1 1 3 1 2 1 1 2 2
MYB2CONSENSUSAT YAACKG 1 1 1 1 1
MYBCORE CNGTTR 1 2 1 1 1 4 2 1 2
TOTAL 6 4 2 1 1 2 2 7 7 2 1 2 0 0 4 6 7 2 1 5 2
DREB_responsive LTRECOREATCOR15 CCGAC 1 2 2 1 1 8 1 2 4 4 3 4 2
DRE1COREZMRAB17 ACCGAGA 1 1
LTRE1HVBLT49 CCGAAA 1 1 1 2 2 1 1 1 2 3 1
CBFHV RYCGAC 1 1 2 3
TOTAL 1 4 2 1 2 4 3 8 3 2 1 5 6 3 7 3 5 0 0 0 0
W-box_WRKY WBOXATNPR1 TTGAC 4 3 5 5 2 3 3 2 2 4 4 3 2 6 4 2 2
WBOXNTERF3 TGACY 2 1 1 2 4 1 1 4 1 2 3 4 3 5 1 1 1 1 2
TOTAL 6 4 1 7 9 2 3 1 4 6 3 6 7 7 3 7 7 5 3 3 2
Hormone_stress_responsive ARR1AT NGATT 17 8 16 7 15 14 12 6 10 6 9 13 10 9 14 10 11 15 13 11 17
ANAERO1CONSENSUS AAACAAA 5 1 1 2 1 6 1 1 2 2 1
ASF1MOTIFCAMV TGACG 4 2 2 1 1 2 2 5 1 1 4 2 1 2
BIHD1OS TGTCA 3 3 3 3 1 1 1 1 9 3 2 3 1 1 2 6 1 1 1
EECCRCAH1 GANTTNC 5 5 5 7 4 5 5 1 2 5 1 2 3 1 2 1 2 2 3 3
GCCCORE GCCGCC 3 2 1 1 1
GT1GMSCAM4 GAAAAA 2 1 2 3 1 1 1 4 1 1 1 6 3 1 3 2 1 4
MYBGAHV TAACAAA 1 1 3 1 1 2 1 1
PYRIMIDINEBOXOSRAMY1A CCTTTT 1 3 2 2 3 2 2 1 2 1 2 2 1 1 2 3 1
SURECOREATSULTR11 GAGAC 1 3 2 1 1 1 3 1 6 1 3 2 2 1
TOTAL 38 19 34 25 31 27 25 15 23 11 35 19 19 20 32 17 18 34 26 23 31
Light_responsive GATABOX GATA 10 6 13 10 8 9 8 2 5 8 12 7 5 9 7 14 12 14 12 2 9
INRNTPSADB YTCANTYY 5 3 3 1 2 3 4 2 3 4 6 5 5 4 3 3 6 3 3 3
SORLIP1AT/2AT/5AT GCCAC/GGGCC/GAGTGAG 2 8 7 11 5 5 5 4 3 9 7 8 6 4 9 3 4 3 3 4 4
BOXCPSAS1 CTCCCAC 2 1 1 1 1 1 1 1 1
TBOXATGAPB ACTTTG 2 1 1 1 1 1 1 1 1 2
TOTAL 19 20 24 22 16 19 18 10 12 21 25 20 17 18 20 18 20 23 19 10 18
94 76 86 76 81 77 76 74 70 67 89 76 70 77 87 74 82 83 60 55 70
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Table 3.3-B : Prediction of selected stress-related cis-elements on promoter sequences (1500bp) of DREB2 from E. grandis (EgrD2-1-EgrD2-6) 
and A. thaliana (AtD2A-F). 
Regulation Cis element name Cis-element sequence EgrD2-1 EgrD2-2 EgrD2-4 EgrD2-5 EgrD2-6 AtD2A AtD2B AtD2C AtD2D AtD2E AtD2F AtD2G AtD2H
Cold_responsive MYCCONSENSUSAT CANNTG 8 5 2 7 2 3 2 14 6 1 5 2 6
CGCGBOXAT-CAMTA binding VCGCGB/CGYG 1 1 3 3 1 1 1
ICE-r1 CACATG 1 1 3 2 2 2 1
ICE-r2 ACTCCG 1 1 1 1
ICE-r2_like NCTCCG 1 3 1 1 2 2 3 2
TOTAL 11 9 6 11 5 7 2 14 11 6 12 3 8
Heat_responsive STRE AGGGG 1 3 2 1 1 1 1
CCAATBOX1 CCAAT 1 2 1 2 5 4 2 3 3 6 4 5 3
PRECONSCRHSP70A SCGAYNRN15HD 0 3 2 1 3 2 1 2 1 2
Perfect_HSE nTTCnnGAAnnTTCn 1 1
TOTAL 2 8 5 5 8 5 2 5 3 7 7 8 5
ABA_related/cold responsiveDPBFCOREDCDC3 ACACNNG 1 3 2 2 3 4 1 3 2 1 3 1
ABRELATERD1 ACGTG 2 4 3 1 1 4 3 1 1 2 1
ABRERATCAL MACGYGB 1 1 1 1 2 1 2 2 1
ABA_related ACGTCBOX AACGTT
ABREBZMRAB28 TCCACGTCTC
TOTAL 4 8 6 4 4 8 2 5 5 5 3 5 2
MYB-related MYBCOREATCYCB1 AACGG 2 1 2 2 1 1 1 2
MYB1AT WAACCA 3 3 1 2 2 2 3 2 3 2 3 4
MYB2CONSENSUSAT YAACKG 1 1 1 1 2 1
MYBCORE CNGTTR 1 2 5 1 1 3 2 2 1 3 1 2
TOTAL 6 6 6 4 3 8 5 6 3 4 8 5 9
DRE_responsive LTRECOREATCOR15 CCGAC 1 1 1 2 2 1 1 2 1
DRE1COREZMRAB17 ACCGAGA 1 1
LTRE1HVBLT49 CCGAAA 3 2 1
CBFHV RYCGAC 1 1 2 1 2 1
TOTAL 4 2 3 3 2 1 2 3 1 1 4 2
W-box_WRKY WBOXATNPR1 TTGAC 5 5 2 2 4 2 5 2 3 1 3
WBOXNTERF3 TGACY 6 6 2 1 3 1 2 8 7 8 4 3 4
TOTAL 11 11 4 3 7 3 2 13 9 11 4 4 7
Hormone_stress_responsive ARR1AT NGATT 16 12 12 12 9 18 21 20 18 16 21 17 27
ASF1MOTIFCAMV TGACG 1 3 2 2 2 3 3 1 2
GCCCORE GCCGCC 1 1 2 2 1
PYRIMIDINEBOXOSRAMY1A CCTTTT 4 1 6 2 2 2 3 2 3 1 2 2
ANAERO1CONSENSUS AAACAAA 1 1 2 1 2 2 4 2 1 3 6
T/GBOXATPIN2 AACGTG 1 2 1 1 1 1 1 1
EECCRCAH1 GANTTNC 1 4 1 3 2 4 3 2 3 2 2
BIHD1OS TGTCA 5 6 4 5 3 2 4 3 5 3 2 4
GT1GMSCAM4 GAAAAA 1 3 6 1 5 3 2 5 4 6 4 5
SURECOREATSULTR11 GAGAC 5 5 3 4 5 7 2 4 1 1 3
TOTAL 28 31 42 27 26 37 44 38 43 32 38 30 51
Light_responsive GATABOX GATA 14 7 10 15 10 13 11 11 18 5 12 15 12
GT1CORE GGTTAA 1 1 1 1 1 1 1 1 1 2
INRNTPSADB YTCANTYY 6 3 4 3 2 2 5 6 1 1 4 2 1
SORLIP1AT/2AT/5AT GCCAC/GGGCC/GAGTGAG 2 6 3 7 8 4 3 4 3 1 1 5
TBOXATGAPB ACTTTG 1 2 1 1 2 2 1
TOTAL 23 17 17 26 21 22 18 22 26 11 18 19 21
89 92 89 83 76 91 77 106 100 77 91 78 105
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Figure 3.5: Correspondance between CBF phylogenetic tree and mapping of promoter conserved motifs (CMs). The phylogenetic tree of full length CBF proteins 
from E. grandis, constructed by the Maximum Likelihood methods using Mega 5, shows that CBF proteins are divided into 3 main clades: group A (blue), B (green) and 
CBF15-16-17 (orange). CM mapping on the 1500bp region before ATG was performed by using MEME software and the number of CMs (1-20) is indicated on the bars 
representing the motif length and position. The results are available at http://www.polebio.lrsv.ups-tlse.fr/cgi-bin/gb2/gbrowse/eucaProm/?name=promoter%3A1..1501.  
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In the proximal region of the promoter (close to ATG), the CM1-2-3-4 motifs are common to 
most of the CBF2-14 genes and CM16 motif is specific to CBF15-17 genes. CM2-3 are 
composed of many CEs, very often grouped into modules (ICEr, CAMTA, 
MYCCONSENSUS), in agreement with the strong cold response of CBF2-14 genes. In 
contrast, the same zone of the CBF1, 15-17 promoters exhibits only some cold responsive CEs 
with less stringent sequence (MYCCONSENSUS). In addition, the CM1 and CM4 motifs 
contain CEs related to light response in the CBF2-14, when the same zone is composed of 
ABA and cold responsive CEs in CBF1, 15-17 genes. The CM16 is predicted on CBF15-17 
promoters and this unique motif for CBF15 is composed of six CEs all involved in cold and 
heat response. Finally, the CMs mapped on CBF promoters are roughly in agreement with gene 
regulation profiles in contrast to the overall CE composition.  
The same approach for E. grandis was used for detecting the CMs and predicting CEs 
on the EguCBF and EguDREB2 promoter sequences. Similarly to E. grandis, no CM was 
detected in DREB2 in contrast to CBF promoters which exhibited highly conserved CM 
mapping between the two species, except for a few CMs seem specific to either E. gunnii or E. 
grandis. The CE composition (Appendix 3.9) was overall conserved between putative strict 
orthologs from the two Eucalyptus species. Nevertheless, the predicted number of cold-related 
CEs was higher on most of the EguCBF promoters (ranging from 8 to 15) compared to the 
corresponding EgrCBF promoters (from 6 to 12). Interestingly, EguCBFLL-MM exhibited an 
increased number of CEs related to heat, ABA and other hormone responses, compared to 
EgrCBF17. These differences between promoter sequences might be associated with 
differential regulation of corresponding genes from the two species. 
Likely related to the recent duplications, Eucalyptus CBF paralogs exhibit noticeable 
similarities on promoter sequences, in particular numerous CMs which are not detected in our 
hands on AtCBF sequences and to our knowledge, are not reported for other plant species to 
date. All the EgrCBF paralogs present common CMs on their promoters as well as more 
specific ones which reflect the divergence in expression characteristics. Interestingly, the CM 
detection is more in agreement with the sub-functionalization detected through transcriptional 
analysis than CE prediction, showing the importance of considering the surrounding sequence 
of regulatory elements. Therefore, this study indicates that the identification of CEs within the 
specific CMs may be the most relevant prediction of gene regulation, in particular for 
multigenic families composed of highly conserved sequences, like CBF. 
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4. Evaluation of stress tolerance of E. grandis and E. gunnii through electrolyte leakage 
measurements 
 Comparison of abiotic stress tolerance between the two species was assessed for the 
first time on 5 month-old plants using ion leakage method as an evaluation of membrane injury 
level under freezing, heat or drought conditions.  
As shown on Figure 3.6, the two tested species exhibited a different cell injury at all 
tested temperature points under freezing and heat conditions. In contrast, for PEG 30% 
treatment, E. gunnii and E. grandis differed in injury level after 2h. Based on this evaluation of 
membrane stability, results show that E. gunnii is more cold and drought tolerant than E. 
grandis. In contrast, E. grandis has a better heat tolerance than E. gunnii (Figure 3.6). 
 
 
 
 
   
A 
B 
C 
Figure 3.6: Injury index (%) in leaf discs of two Eucalyptus species after different stressful 
treatments. (A) Freezing treatment (from 1°C to -6.2°C with a speed of 2.5°C h
-1
, at -1°C ice was added), 
(B) Heat treatment (45°C) and (C) Drought treatment (30% of PEG 6000). Error bars indicate ± SD from 
average value of four samples from three independent experiments. Statistically significant differences 
were calculated by using Tukey HSD test. Different stars on error bars indicate significant differences 
between two species in each temperature or time point at P<0.05 (*), P<0.01 (**) or P<0.001 (***). 
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Electrolyte leakage measurement used to evaluate water, heat and cold stress tolerance 
has been classically performed in wheat (Bajji et al., 2002), some legumes (Srinivasan et al., 
1996), Vitis (Su et al., 2015) and Eucalyptus (Navarro et al., 2011). 
Our results show that E. grandis is more heat tolerant, while E. gunnii is more tolerant to 
cold and drought which is in agreement with the contrasted habitats they are grown in. E. 
gunnii is cultivated in temperate zones and known as one of the most cold tolerant Eucalyptus 
species, while E. grandis is adapted to sub-tropical climate (Figure 1.4). Hence, morphological 
aspects (especially for leaves) and growth rates are the main differences in phenotype between 
the two species. The similar situation was observed among food legumes in heat tolerance. 
Groundnut which is grown throughout the tropical and subtropical areas is the most tolerant, 
while chickpea that is a cool season legume is the most sensitive, in terms of membrane 
stability (Srinivasan et al., 1996). Therefore, E. grandis and E. gunnii may have evolved 
distinct adaptive processes to face environmental conditions. 
5. Regulation of CBF and DREB2 genes in response to abiotic stress in E. grandis and E. 
gunnii 
The expression analysis of CBF and DREB2 was performed to decipher the abiotic 
stress regulation of these genes in leaves, stems and roots of two Eucalyptus species, E. grandis 
and E. gunnii. The data first focused on E. grandis because the annotation of whole CBF and 
DREB2 groups is completed. Comparison with E. gunnii was then mainly based on the 
identified ortholog pairs. 
Regulation of 17 CBF and 6 DREB2 genes in response to cold, heat or drought 
stresses in E. grandis 
The two-way ANOVA (Table 3.4) performed on normalized data showed a significant 
differential expression for 19 CBF-DREB2 genes (p-value > 0.05) according either to the 
treatment or treatment and organ interactions, but only for eight genes according to the organs. 
This suggests that the different treatments have significantly more impact on the regulation of 
these genes than the different organs. 
The expression analysis (Figure 3.7) shows that all the CBF and DREB2 genes are 
expressed in at least one organ in one stress condition. CBF and particularly DREB2 genes are 
expressed in standard condition (T0) mostly in the roots. At the group level, CBF genes are 
preferentially cold-responsive, when the DREB2 genes are expressed under the three stresses at 
moderate levels. Within CBF group, gene expression is also stress preferential since 13 genes 
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(CBF2-14) exhibit a very high and specific cold response in the tested organs. In contrast, 
CBF1, 15, 16 and 17 genes are multi-stress responsive: drought-regulated (all organs), cold-
regulated in stems and roots, and heat responsive in roots. Moreover, the stress preferential 
regulation of CBF genes is evidenced by the highest responses observed under drought for 
CBF15, 16 and 17 genes, and for CBF2-14 under cold. Within the DREB2 group, DREB2-5 is 
highly expressed under all the stressful conditions in all the tested organs. These results suggest 
that the CBF and DREB2 genes are multi-stress responsive at the whole plant level. At the 
group level, some genes are more generalist (CBF1, 15, 16 and 17 or DREB2-5) when some are 
more specialized (CBF2-14 for cold), but the stress responses are generally not organ specific. 
The observed cold induction of CBF genes is higher in leaves (up to 53451-fold), and 
stems (up to 34157-fold) compared to roots (up to 156-fold) and above all much stronger for 
CBF than for DREB2 (up to 22-fold) genes (Appendix 3.10A). 
Table 3.4: ANOVA results on normalized expressional data for EgrCBF1-17 and DREB2 (D2-
1-D2-6) according to the different organs, stressful treatments and interaction organ/treatment. 
The significant values (p-value < 0.05)  are in the green boxes. 
 
organ treatment interaction
genes R² F Pr > F R² F Pr > F R² F Pr > F
CBF1 0,0345 1,3770 0,2585 0,1098 3,1252 0,0307 0,3872 3,9059 0,0002
CBF2 0,0735 3,1352 0,0490 0,1812 5,7545 0,0013 0,4707 5,6601 0,0001
CBF3 0,0330 1,3474 0,2658 0,0742 2,0852 0,1089 0,2021 1,6123 0,1142
CBF4 0,0789 3,1286 0,0497 0,2501 8,0031 0,0001 0,4685 5,1277 0,0001
CBF5 0,0758 2,5838 0,0835 0,1253 2,9606 0,0390 0,3036 2,1400 0,0325
CBF6 0,0706 1,9745 0,1491 0,1025 1,9415 0,1346 0,2435 1,4164 0,2049
CBF7 0,0415 1,6005 0,2087 0,1135 3,1146 0,0313 0,2325 1,7900 0,0739
CBF8 0,0500 2,2616 0,1103 0,0875 2,7160 0,0497 0,2563 2,4120 0,0124
CBF9 0,0340 1,2301 0,2985 0,2886 9,3284 0,0001 0,3887 3,5268 0,0007
CBF10 0,0664 2,3810 0,1002 0,2806 8,5795 0,0001 0,4525 4,3574 0,0001
CBF11 0,0641 2,2596 0,1124 0,0709 1,6540 0,1856 0,2658 1,8756 0,0622
CBF12 0,0668 2,3247 0,1059 0,1977 5,2585 0,0026 0,3201 2,3972 0,0163
CBF13 0,0665 3,1006 0,0500 0,2413 9,1184 0,0001 0,4665 6,2002 0,0001
CBF14 0,0268 1,0468 0,3561 0,3340 12,5403 0,0001 0,4233 4,4712 0,0001
CBF15 0,2091 9,7817 0,0002 0,1725 5,0714 0,0030 0,6051 9,0554 0,0001
CBF16 0,1065 5,0042 0,0088 0,1187 3,7258 0,0144 0,3481 3,6401 0,0004
CBF17 0,0165 0,6607 0,5193 0,2058 6,7358 0,0004 0,2544 2,1714 0,0258
D2-1 0,1762 8,6629 0,0004 0,1099 3,2934 0,0247 0,3759 3,9426 0,0002
D2-2 0,0642 1,0282 0,3699 0,0777 0,8147 0,4962 0,1729 0,4598 0,8982
D2-3.1 0,1751 8,7047 0,0004 0,0835 2,4605 0,0686 0,4391 5,1943 0,0001
D2-3.2 0,0270 1,1219 0,3307 0,2022 6,7576 0,0004 0,2541 2,2294 0,0216
D2-4 0,0568 1,6264 0,2061 0,1090 2,1618 0,1034 0,2593 1,4318 0,1922
D2-5 0,1323 5,9452 0,0040 0,1639 5,0330 0,0031 0,3694 3,6748 0,0004
D2-6 0,1112 5,1295 0,0080 0,1202 3,6897 0,0152 0,2875 2,6772 0,0061
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Figure 3.7: Hierarchical clustering of relative expression levels for EgrCBF (C1-C17) and EgrDREB2 (D2-1–D2-6) genes in E. grandis mature 
leaves (ML), stems and roots under cold, heat or drought conditions. T0-1-4-8 correspond respectively to the control, 1-4-8h of treatment. 0 is no 
data.  
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 Under heat treatment, induction of CBF and DREB2 genes (Appendix 3.10B) is 
moderate (up to 23- and 11-fold, respectively) in all the organs compared to the cold response. 
For most of the CBF genes, the heat induction is lower in leaves than in roots or stems 
(respectively up to 13-, 23- or 22-fold). DREB2 genes are less heat-induced in leaves and roots 
(respectively up to 5.7- and 6.4-fold) than in stems (up to 11-fold). Higher induction rates are 
observed for CBF1, DREB2-5 and DREB2-6 in all the tested organs. In contrast, DREB2-4, 
CBF2, 4 and 14 exhibit a highest induction in stems. 
Under drought treatment, the gene regulation concerns most of the CBF genes together 
with DREB2-2 and -5 genes (Appendix 3.10C). Significant induction rates (more than 10-fold 
rate) are observed for these genes in all the organs but mainly in leaves and stems. The highest 
induction rates (between 100 and 200-fold) are measured for CBF1-2-15-16 and 17 in leaves 
CBF7, 14 and 17 in stems and DREB2-2 both in leaves and stems.  
In conclusion, both CBF and DREB2 genes from E. grandis are regulated by cold, 
drought and heat in the three tested organs, and therefore should be involved in abiotic stress 
responses in the whole plant. 
Comparison of stress regulation of CBF and DREB2 genes between E. grandis and 
E. gunnii 
The comparative gene expression study between the two species is based on the DREB2 
and CBF genes from E. gunnii, which are unambiguous orthologs in E. grandis as previously 
described (Table 3.2). Based on the last E. gunnii annotation, only 10 E. grandis primer 
sequences are considered as suitable to be used for expression study on E. gunnii cDNA. The 
primers used for amplifying EgrCBF1-2-3-4-5-7-14-15-16-17 correspond respectively to 
EguCBF-A, B-V, D, E, F, H, P-Q, HH-II, JJ-KK, and LL.  
The main features of E. grandis regulation are also observed for E. gunnii genes (Figure 
3.8): at the group level, all the EguCBF and EguDREB2 genes are expressed at least in one 
condition. Similarly to the situation in E. grandis, EguDREB2 genes are generalist and EguCBF 
genes are mainly expressed under cold stress, except of CBF-JJ-KK and LL. Under heat, the 
expression of CBF and DREB2 genes is moderate, with higher level in roots than in leaves and 
stems in both species. In the two species, the drought response concerns both CBF and DREB2 
genes in the three organs and CBF17/CBF-LL exhibits the highest expression level. For 
DREB2, the expression level of DREB2-4 is the highest in E. gunnii leaves, while DREB2-5 is 
strongly expressed in E. grandis roots. 
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Figure 3.8: Heat maps of relative expression levels of ten CBF and EgrDREB2 (D2-1–D2-6) genes in E. gunnii 
mature leaves (L), stems (S) and roots (R) under cold (C), heat (H) or drought (D) conditions for 0h-1h-4h-
8h. Red represents high expression. Green represents low expression. Grey is no data. 
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Figure 3.9: Relative expression levels of CBF and DREB2 genes in E. grandis and E. gunnii leaves, 
stems and roots under control condition (T0). Results are means ± Sd of three replicates. Statistically 
significant differences were calculated by using Tukey HSD test. Different stars on error bars indicate 
significant differences between two species at P<0.05 (*), P<0.01 (**) or P<0.001 (***). 
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Heat 
Cold 
Drought 
Figure 3.10: The highest relative expression levels of ten CBF genes under cold (4°C), heat (38°C) and drought in leaves, stems and roots of E. grandis and E. 
gunnii. Results are means ± Sd of three replicates. Statistically significant differences were calculated by using Tukey HSD test. Different stars on error bars indicate 
significant differences between two species in each organ at P<0.05 (*), P<0.01 (**) or P<0.001 (***).  
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Figure 3.11: The highest relative expression levels of 6 DREB2 under cold (4°C), heat (38°C) and 
drought in leaves (L), stems (S) and roots (R) of E. grandis and E. gunnii. Results are means ± Sd of 
three replicates. Statistically significant differences were calculated by using Tukey HSD test. Different 
stars on error bars indicate significant differences between two species in each organ at P<0.05 (*), P<0.01 
(**) or P<0.001 (***). 
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            The comparisons of stress regulation of CBF and DREB2 genes between the two species 
were performed first by analyzing the relative expression in control conditions (Figure 3.9) then 
the highest expression (one time point) in stressful conditions (Figure 3.10 & 3.11) and finally 
through induction rate measurements (Appendix 3.12). 
In control condition, CBF and DREB2 are above all expressed in roots and leaves 
compared to stems. In leaves and stems, more EguCBF genes exhibit higher basal expression 
level compared to E. grandis when it is balanced between orthologs in roots (Figure 3.9). 
The orthologs from the two species exhibit different expression profiles. For example 
under cold, the highest expression was found in stems for EguCBF_B-V, E, P-Q in E. gunnii (up 
to 89) and for EgrCBF-7 (up to 618) in E. grandis (Figure 3.10-cold). In addition, the highest 
expression in leaves under cold was observed for EgrCBF3 and 7 in E. grandis (up to 214 and 
2175, respectively), and for EguCBF-F and P-Q (up to 76 and 96) in E. gunnii.  In contrast, the 
values for CBF2/B-V were in the same range for both species (respectively 73 and 60). 
The expression of CBF genes under heat was observed in particular in roots for both 
species, but at a very low level compared to cold. Among the most expressed genes in roots, the 
EgrCBF1 & 2 exhibit similar expression level compared to the orthologs (EguCBF-A, B-V). In 
contrast, EgrCBF3, 5, 7 and 16 genes exhibit the highest expression values for E. grandis (up to 
7.6), while EguCBF-HH-II (16.6) is the most expressed in E. gunnii (Figure 3.10-heat). 
EguDREB2-2 and EguDREB2-4 were the most heat-responsive in leaves from E. gunnii, while 
EgrDREB2-5 is highly expressed in roots from E. grandis. 
In drought condition, EgrCBF17 and the ortholog (EguCBF-LL) exhibit similar 
expression in the tested organs except in leaves where EguCBF-LL is more expressed than the E. 
grandis ortholog. EgrCBF15-16 and EguCBFHH-II-JJ-KK are also strongly drought-regulated 
in the tested organs in particular in roots; in both cases the expression is higher for E. grandis 
orthologs. The most responsive are DREB2-2 and 5, with highest expression for E. grandis 
orthologs, compared to E. gunnii. The opposite situation was found for DREB2-4, the ortholog 
from E. gunnii is more expressed than for E. grandis. 
Most of the EgrCBF have higher induction rate than orthologs in E. gunnii in leaves and 
stems under cold condition. However, due to differences in basal level, their relative expression 
levels may be close. For example, the induction rate of EgrCBF2 in leaves under cold stress is 
9124-fold for E. grandis, and only 230-fold for E. gunnii ortholog, when their relative expression 
levels are 73.7 and 60.45, respectively. Cold regulation of DREB2 (Figure 3.11), shows a similar 
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expression profile for DREB2-1 between the two species; in addition, DREB2-2 and 4 are more 
expressed in E. gunnii than in E. grandis, in contrast to DREB2-5 which is more expressed in E. 
grandis. 
 To complete the fluidigm experiment, a new set of primers was designed for amplifying 
transcripts of CBF groups in order to compare a more overall CBF transcript production between 
E. grandis and E gunnii. CBF1-14 primers allow amplifying transcripts from fourteen E. grandis 
genes and putative 20 E. gunnii orthologs; groups A and B correspond respectively to EgrCBF6-
8-10-12 and EgrCBF7-9-11-13-14 in E. grandis and can amplify E. gunnii transcripts 
respectively from EguCBFK-I-G-M and EguCBFJ-H-L-N-P-Q-X. These new sets of primers, in 
addition to some previously ones designed for CBF2, CBF15, CBF16 and CBF17 
(corresponding to one gene in E. grandis but several E. gunnii genes), were used for additional 
RT-qPCR experiment. The selected cDNA samples correspond to the highest transcript levels on 
fluidigm experiment (control and T8h/cold for leaves, control and T4h/drought for roots). The 
results (Figure 3.12) show that transcript levels in leaves and roots under control conditions are 
significantly higher in E. gunnii (CBF2, groups A and B, CBF15) than in E. grandis but it is the 
opposite only for CBF16. Under cold, the transcript level in leaves is still higher for E. gunnii 
(CBF2 and CBF1-14) than in E. grandis, but under drought CBF16 and DREB2-5 are more 
expressed in E. grandis. When considering the resulting induction rates (Figure 3.12E), result 
shows that the induction rates are about 200-fold more for CBF1-14 in leaves under cold than for 
DREB2 and CBF15-16-17 in roots under drought, surprisingly, in the tested conditions, the 
genes from E. grandis are much more regulated by cold and drought than those from E. gunnii. 
The presented transcriptional analyses in E. grandis and E. gunnii show that both CBF 
and DREB2 genes are regulated by cold, drought and heat in the three tested organs. The data 
reveal in both species a differential regulation of these genes according to the organ and the 
stress. The clusters of regulation are the same in the two species, but within the groups, 
differential regulation is observed for E. grandis and E. gunnii. The comparative RTqPCR 
experiment on both species confirmed that the CBF1-14 genes are much more stress-regulated 
than CBF15-16-17 and DREB2, even for the best condition (drought response of DREB2-5). 
Interestingly, the basal transcript level of the CBF groups is higher for E. gunnii than for E. 
grandis, and in contrast, the regulation under cold or drought stress is stronger for E. grandis 
than for E. gunnii. The resulting transcript amount is still higher for E. gunnii CBF genes under 
cold and higher for E. grandis genes under drought. This suggests that E. grandis is more 
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reactive to the tested stressful conditions, but the permanent protection through CBF basal 
transcript level is stronger for E. gunnii.     
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Discussion 
The CBF genes have been characterized as inducible by abiotic stresses in Arabidopsis 
(Haake et al., 2002), Malus (Wisniewski et al., 2011), Populus (Chen et al., 2009), Vitis 
(Zandkarimi et al., 2015) and E. grandis (Cao et al., 2015). The previous study on E. gunnii 
(Navarro et al., 2009) was limited to the four CBF genes isolated at that time in the team. The 
presented data are in agreement with previous results on CBF genes in E. gunnii and E. grandis 
(Navarro et al., 2009; Cao et al., 2015). Altogether, these studies suggest that both CBF and 
DREB2 genes from Eucalyptus are involved in the response to multiple abiotic stresses which 
has been also reported in Vitis and Populus (Zandkarimi et al., 2015; Chu et al., 2014). 
E 
A 
B 
C 
D 
Figure 3.12: Comparison of CBF and DREB2 gene expression between E. gunnii and E. grandis. A-B: Gene 
transcript levels in leaves (control and 8h of cold stress); C-D: Gene transcript levels in roots (control and 4h 
under drought). E: Induction rates calculated relatively to the control values. CBF2/B-V primer is to amplify 
EgrCBF2 in E. grandis and EguCBFB-V in E. gunnii; CBF1-14 primers for amplifying transcripts from fourteen 
E. grandis genes and putative 20 E. gunnii orthologs; groups A and B correspond respectively to EgrCBF6-8-10-
12 and EgrCBF7-9-11-13-14 from E. grandis and respectively EguCBFK-I-G-M and EguCBFJ-H-L-N-P-Q-X 
from E. gunnii. Results are means ± Sd of three biological replicates. Statistically significant differences were 
calculated by using Tukey HSD test. Different stars on error bars indicate significant differences between two 
species in each organ at P<0.05 (*), P<0.01 (**) or P<0.001 (***). 
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Similarly, DREB2 genes have also been reported to respond to cold stress in Malus (Zhao et al., 
2012), Glycine (Mizoi et al., 2013), and Populus (Chen et al., 2013), in contrast to Arabidopsis 
model in which CBF1-2-3 are strictly cold-inducible while the CBF4/DDF and DREB2 genes are 
regulated by dehydrative stress (Haake et al., 2002; Mizoi et al., 2012). 
Unexpectedly, when the strict orthologs already identified are compared pairwise in the 
two species, no overall difference in favor of E. gunnii is observed under stress. Even more 
surprisingly, in some cases, the transcript amount is higher for the E. grandis gene and in all 
cases, the induction level is higher for this species indicating stronger response to stress in the 
time course being studied. Next, measurements of the transcript amount by using consensus 
primers to amplify groups of very close paralogs including possible but as yet unidentified E. 
gunnii copies, reveals a different picture. Without stress, the E. gunnii CBF genes always 
account for a significantly higher transcript amount. Under cold conditions, despite a much 
stronger induction of E. grandis genes, the cluster of EguCBF1-14 also accounts for a higher 
transcript level.  
This study strongly suggests that CBF gene additional copies and/or higher basal 
expression might be two keys to the ability of E. gunnii to adapt to a temperate climate 
characterized by cold winters. Altogether, the data highlight distinct features of the CBF group in 
these two contrasted Eucalyptus species, despite an outstanding conservation level and similar 
involvement in cold response. The E. grandis CBF group is characterized by an almost zero 
basal transcription level and a huge induction within the first hours of exposure, indicative of 
“reactivity”. In contrast, the E. gunnii CBF group, amplified after separation with E. grandis 
produces more transcripts both without stress and under cold conditions, with a less intense 
reaction or delayed reaction. The overall higher number of cold responsive CEs predicted on E. 
gunnii promoters together with previous data indicating strong regulation of EguCBF genes 
lasting more than four days of cold treatment (Navarro et al., 2009) supports the hypothesis of a 
late and durable reaction. EguCBF genes would behave more “constitutively” and “durably”. 
Due to its amplification in E. grandis and ongoing evolution in E. globulus, the TPS family 
(Kulheim et al., 2015) which plays a role in heat protection, was assumed to be a reflection of 
the hot environment these species evolved in. The CBF group may also have evolved in response 
to the very high temperatures experienced by Eucalyptus in Australia but the strong cold 
response observed in our hands for these genes, suggested that this stress has been a prominent 
factor in their evolution. Actually, all the Eucalyptus species need efficient mechanisms of cold 
tolerance to compensate the scarcity of frost avoidance mechanisms and be able to resist freezing 
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temperatures. Eucalyptus trees lack most of the strategies used by temperate woody plants to 
avoid frost such as dormancy, leaf-fall, bud insulation, and their super cooling capacity is quite 
low (Choat et al., 2011, Leslie et al., 2014). It may therefore be less unexpected to find so many 
strongly cold responsive CBF genes in the more cold sensitive E. grandis, given its sub-tropical 
to tropical distribution. Moreover, E. grandis is much more exposed to cold than E. gunnii due to 
its larger biomass production (more tender, larger leaves…). Therefore, to withstand moderate 
frosts of just below zero it may experience, E. grandis requires efficient cell protector 
mechanisms such as osmolyte accumulation, which are known to be activated through the CBF 
pathway. Expansion/retention of so many CBF genes may be a way to face climate changes 
including cold, dry and hot events while maintaining exceptional growth. Actually, the features 
of the CBF group in Eucalyptus with regard to other plant species, together with the difference 
between the two species in terms of growth and resistance, suggest a central role of CBFs in the 
trade-off between these traits. This balance is clearly in favor of growth in this tree (Gindaba et 
al., 2004, Choat et al., 2011, Leslie et al., 2014) and its great equipment in CBF genes may be 
one element which allows it to survive and propagate in diverse climatic conditions, with a 
minimum impact on growth. The on-going evolution of the group observed in E. gunnii 
compared to E. grandis supports this hypothesis. The less productive E. gunnii growing in a 
more challenging climate is characterized by a permanent and high CBF transcript amount 
whereas the fast growing E. grandis is characterized by highly inducible CBF genes. These 
features perfectly match the well-established dual role of CBF genes in controlling cell 
protection while inhibiting growth (Benedict et al., 2006, Huang et al., 2009, Navarro et al., 
2011; Tillett et al., 2012; Wisniewski et al., 2015). Vice-versa, spring wheat varieties carrying 
the haplotype with fewer CBF copies are more productive in regions where cold does not pose a 
major threat for survival (Zhu et al., 2014). The dynamic evolution of the CBF group in 
Eucalyptus, likely together with other gene families such as NAC may therefore be a major 
element of the very specific balance between growth and resistance in this evergreen. 
 With regard to heat stress, CBF genes have also been reported as heat-inducible in 
Eucalyptus (Navarro et al., 2009; Cao et al., 2015). In the present study, the slight heat induction 
for most of EgrCBF genes (in treated whole plants) (<25-fold), contrasts with previous results 
showing that all the EgrCBF genes are strongly heat inducible in detached leaves (Cao et al., 
2015). This may be due to the difference in treatment (38°C for the present results instead of 
45°C for previous study in E. grandis) or a different sampling, altogether corresponding to a 
more limited stress in the present study. Concerning EguCBF, in the previous work, the 
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expression of four CBF genes in E. gunnii under heat stress was found to be also moderate (<10-
fold compared with those of the control). In this case, the treatment was again different: leaf 
discs were treated at 50°C (Navarro et al., 2009), leading to the hypothesis that the stress was too 
drastic. In soybean, the expression of GmDREB1 genes under heat stress was reported to 
increase by more than 100-fold compared with the control condition, in contrast to a moderate 
heat induction of a tomato CBF1 in the same condition (Kidokoro et al., 2015). These results 
pushed the authors to conclude on  a soybean-specific strong DREB1 heat-response. 
According to our results, expression of most of the CBF genes under heat stress often 
decreases from 1h to 8h. It could be hypothesized that the response is very quick and the time 
course of the study is not perfectly adapted to find out the peak of expression. Besides, the 
expression of CBF genes is higher in roots than in leaves and stems. Indeed, various studies have 
proved that roots are more sensitive to heat stress (Liu et al., 2005). This suggests that 
Eucalyptus CBF genes may play an important role in heat stress tolerance in roots. 
The regulation of CBF genes by dehydrative stress was previously shown in Vitis (Xiao 
et al., 2008), Malus (Zhao et al., 2012), Populus (Chen et al., 2013) and E. gunnii (Navarro et 
al., 2009). In Arabidopsis, CBF4, DDF1 and DDF2 genes are strictly drought and salt 
responsive. In the present work, some CBF genes in E. gunnii and above all in E. grandis are 
particularly responsive to drought. EgrCBF15-16-17 genes were expressed at high levels in roots 
under drought, similarly to PeDREB (Phyllostachys edulis) genes (Wu et al., 2015). CBF16 is 
highly expressed in roots of E. grandis, and at a lower level in E. gunnii. In contrast, CBF17 is 
expressed at high level in all organs in both species, but its expression was twice higher in the 
leaves of E. gunnii, compared to E. grandis, which is more in agreement with relative drought 
tolerance. 
6. Transcription factor activity of CBF and DREB2 
In silico prediction of DREB target genes in Eucalyptus genome was based on the 
presence of DRE/CRT (A/GCCGAC) element in their promoters (1000bp before ATG) (Cao, 
2013). Results showed that 13629 sequences (37.47%) of 36376 genes annotated in E. grandis 
genome contain DRE/CRT. Putative DREB target genes were predicted because they are up-
regulated under abiotic stresses and/or in Eucalyptus CBF-overexpressors (Navarro et al., 2011; 
Cao, 2013). However, no direct evidence for trans-activation of putative target gene expression 
via the DREB genes was evidenced in Eucalyptus. 
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 The first question addressed was to check if the CBF and DREB2 factors from 
Eucalyptus can bind to DRE/CRT cis-element to promote transactivation. The second question 
was to determine if these factors have a preferential DRE/CRT cis-element (ACCGAC or 
GCCGAC) sequence to bind with. For answering these questions, transactivation experiments 
were performed by using EguCBF6, EguCBF14 and DREB2-5. As described in Material and 
Methods section, the effector plasmid (CaMV35S::CBF, CaMV35S::DREB2 or empty vector) 
and the reporter plasmid (4xCRT35S::RiLUC which contains ACCGAC or GCCGAC) were co-
infiltrated into tobacco leaves through agrobacteria. 
The results (Figure 3.13) showed, as expected, no transactivation when the empty vector 
was used, indicating that the expression of effector genes are required for promoting RiLUC 
induction. In contrast, significant expression was observed with the three constructs harbouring 
DREB coding sequence with DREB2-5 being the most efficient. The transactivation activity by 
EguDREB2-5 factor is much higher than the activation by the two tested EguCBF activators. 
The two CBF proteins are quite equivalent for binding M1 sequences (ACCGAC), in contrast to 
a better efficiency of EguCBF14 factor for binding M2 (GCCGAC) compared to EguCBF6. 
Both EguCBF14 and EguDREB2-5 exhibit a preferential binding since the transcription factor 
activity is higher on M2 than M1 target.  
Figure 3.13: Transactivation activity of EguCBF and EguDREB2 proteins on two different CRT 
target sequences M1 (ACCGAC) and M2 (GCCGAC). Data are mean ± SD of three biological 
replicates. Significant differences (p<0.05) between different genes and between M1 and M2 are denoted 
with different lower case letters.  
ACCGAC   GCCGAC 
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Discussion 
Previous studies in Arabidopsis indicated that DREB2A protein prefers ACCGAC (M1) 
rather than GCCGAC (M2), while CBF is able to bind both DRE/CRT sequences (Sakuma et al., 
2006). Similarly to AtCBF, the VrCBF1 and VrCBF4 from Vitis were also found to bind both 
A/GCCGAC sequences (Nassuth et al., 2014), but with different activation efficiency as 
observed in Eucalyptus. Similarly to EguCBF6, VrCBF4 equally binds to both A/GCCGAC 
whereas VrCBF1 and EguCBF14 exhibit a preference for M2 sequence (GCCGAC).  
 The transcription activity of EguDREB2-5 was the highest on the two DRE/CRT 
sequences, in contrast to DREB2A from Arabidopsis which was less efficient than DREB1A 
(Liu et al., 1998). However, ZmDREB2.7 protein can equally bind efficiently both to DRE/CRT 
target sequences in vitro (Liu et al., 2013). In addition, DREB2A contains a negative regulatory 
domain (NRD) which is adjacent to the DNA-binding domain. Deletion of NRD converts 
DREB2A into a constitutive active form and the stabilization of DREB2A is involved in its 
activation (Sakuma et al., 2006). EguDREB2-5 has also NRD, but this gene still constitutively 
acts in normal condition, suggesting that post-translational regulation may be not required for 
this factor in Eucalyptus. In another study, the accumulation of DREB2A protein proved to be 
dependent on its transcript levels but stabilization of the DREB2A protein proved to be stress-
dependent (Morimoto et al., 2013). However, the stabilization of the DREB2A protein is not 
sufficient to induce target gene expression. These authors proposed that the post-translational 
regulation of DREB2A involves two steps: stabilization and activation, and both of which are 
important for expression of target genes in response to stress signals in plants (Morimoto et al., 
2013).  
The difference in transactivation level between EguDREB2-5 and two EguCBF proteins 
could be due to differences in protein structure and/or in mechanism of post-transcriptional 
regulation including degradation. The structure analysis of CBF and DREB2 indicates low 
sequence conservation except in the conserved DNA binding domain. However, the comparison 
of AP2 domain between two CBF proteins and DREB2-5 shows a difference in some amino 
acids located in the N-terminal stretch of AP2 domain, known to play a role in DNA binding 
activity. Particularly, tryptophan 10, one of six amino acids known as facilitating direct contact 
with DNA for DNA binding activity (Allen et al., 1998), is present in DREB2-5 but not in both 
EguCBF, which maybe lead to more efficient DNA binding for DREB2-5 than CBF6-14. In 
addition, C-terminal region that functions as a transcriptional activation domain is also 
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completely distinct between DREB2-5 and the CBF factors. So it is difficult to predict their 
differential capacity of transactivation.   
Higher level of transactivation activity of the DREB2-5 may also be due to higher 
amount of DREB2-5 proteins compared to CBFs, related to better stability. Protein quantitative 
analysis could be performed to get the answer, but it depends on the availability of antibodies 
and cannot be envisaged in the frame of this work. For stability, according to the literature, the 
DREB2 factors are unstable in no-stress conditions due to ubiquitin-mediated degradation 
(Sakuma et al., 2006). The present experiments have shown that EguDREB2-5 is already active 
in normal condition. 
7. Identification of downstream genes involved in stress tolerance  
7.1. Characterization of CBF over-expressors 
Expression level of CBF1a and CBF1b transgenes in transgenic lines 
The four transgenic lines used for this study: PK7 (control), A25 (CBF1a over-
expression) and B9/B14 (CBF1b over-expression) were available at least in three replicates. The 
two B lines which were generated from independent transformation events present a slight 
difference in phenotype, B9 is more affected than B14. B9 plants are dwarf and develop very 
slowly compared to control and B14 plants (Cao, 2013). The expression of CBF1a and CBF1b 
was measured in different organs such as mature leaves, primary stems and stems of 5.5 month-
old transgenic lines, primary stems and xylem of 1 year-old transgenic plants.  
 
 
 
 
 
 
 
 
 
The Figure 3.14 shows that transgenes (CBF1a or CBF1b) are strongly overexpressed in 
the transgenic lines and this overexpression is higher for B lines than for A lines. In contrast, the 
Figure 3.14: Relative expression level of transgenes CBF1a or CBF1b in different organs of A and B 
lines at different stages. The expression levels for each gene were normalized to the expression level of 
gene in control plants (PK7), which was set at 1.0. (A) mature leaves (ML), primary stems (PS) and stems 
(S) of 5.5 month-old transgenic plants (A25 & B9) or in (B) primary stems (PS) and xylem of 1 year-old 
transgenic plants (A25 & B14). Results are means ± Sd of three biological replicates. Statistically 
significant differences were calculated by using Tukey HSD test. Different stars on error bars indicate 
significant differences in expression level between CBF1a in A25 and CBF1b in B9 in the same organ at P 
< 0.01 (**) or P < 0.001 (***). 
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levels are quite equivalent in the different organs from one line and one stage. However, the 
expression level is dependent on the stage of the plant, since the over-expression in the primary 
stem is decreasing with the age of the plant for the same line (Figure 3.14A-B). This is in 
agreement with higher transgene transcript levels previously observed in younger transgenic 
plants (Cao, 2013; Navarro et al., 2011).  
In conclusion, the CBF over-expression was observed in different sets of plants 
independently rooted from microcuttings and in all the organs, always stronger in B lines than in 
A line. As commonly reported in literature, the developmental stage of the plant impacts the 
over-expression level even when a constitutive promoter is driving transcription.   
Stability of transgenes in transgenic trees cultured in vitro, in the glasshouse or in the 
field for several years have been described in Populus (Hawkins et al., 2003; Fladung et al., 
2013), Prunus subhirtella (Maghuly et al., 2007), apple (Borejsza-Wysocka et al., 2010; 
Wisniewski et al., 2015; Artlip et al., 2016), birch (Zeng et al., 2011), and white spruce trees 
(Lachance et al., 2007). However, our results show that the expression level of transgenes is 
higher in stems of younger transgenic plants than in stems and xylem of older transgenic plants 
in both A and B lines. This may be due to the abundance of phenolic compounds in older and 
woody tissues which may interfere with enzymes used for transcript quantification or inhibit in 
vivo the expression of transgenes. It may also be due to a 35S promoter regulation by the 
developmental stage of plant and changes in environment conditions. Indeed, the expression 
level of transgene decreased in successive subcultures of in vitro transgenic birch plants (Zeng et 
al., 2011). Following transfer to greenhouse condition, a reduction in transgene expression levels 
was also reported in poplar (Hawkins et al., 2003). 
Freezing tolerance of transgenic lines 
Frost tolerance of transgenic lines and control was estimated on leaves, branches and 
primary stems of three year-old plants by using ion leakage method to evaluate the membrane 
injury level after freezing exposure.  
As shown on Figure 3.15, B14 exhibited a highest tolerance level at most of tested 
temperature points in leaf discs, branches and primary stems. In contrast, A25 and PK7 only 
differed in injury level at some temperature points. In leaf discs, A25 shows better tolerance than 
PK7 at -6.2°C and -6.6°C, while injury index is similar for both lines at higher temperatures. In 
branches and primary stems, the tolerance of A25 and control are similar for the lowest 
temperature, but A25 is more sensitive than PK7 before -7°C. 
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 Based on this evaluation of membrane stability, the results show that freezing tolerance 
of A line is close to PK7, in contrast, B line is more freezing tolerant than A and control plants in 
all the tested organs. These results are in agreement with the relative expression levels of 
transgenes in leaves, primary stems and stems which are higher in B line than in A line 
(respectively for CBF1b or CBF1a). 
Figure 3.15: Injury index (%) in leaf discs, branches and primary stems of control (PK7) and 
transgenic lines (A25 and B14) after freezing treatment (from 1°C to -9°C with a speed of 2.5°C h
-1
, at 
-1°C ice was added). Results are mean ± SD of three biological replicates. Statistically significant 
differences were calculated by using Tukey HSD test. Different letters on error bars indicate significant 
differences among three lines in each temperature at P<0.05. 
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Higher freezing tolerance of the Eucalyptus CBF over-expressors was already observed 
for leaves from microcuttings and young rooted plants (Navarro et al., 2011; Cao 2013). Here, 
we confirmed this result at a much later stage of development and extend the analysis to stems 
which is rarely reported. 
Better freezing tolerance of CBF over-expressors compared to control plant have been 
demonstrated in previous studies through measurement of ion leakage in leaf discs of 
microcuttings (Navarro et al., 2011) or young transgenic plants (Cao, 2013). In the present work, 
a better freezing tolerance of 3.5 year-old trangenic lines compared to control was confirmed in 
leaves and newly demonstrated in woody organs.  
7.2. Expression of putative DREB target genes involved in tolerance in CBF over-expressors 
According to the previous studies on E. gunnii cold transcriptome (Keller et al., 2013), 
putative DREB target genes were first chosen for their likely involvement in the main 
mechanisms of cell protection under cold stress. In addition to in silico prediction of DRE/CRT 
elements in the promoter of these putative CBF target genes, preliminary transcriptional analyses 
have been previously performed on CBF over-expressing lines (Navarro et al., 2011; Cao, 2013). 
In the previous work, up-regulation of some putative CBF target genes involved in stress 
tolerance was observed in mixed tissues (shoot tips, young leaves and branches) of CBF over-
expressors.  
To go further, the goal of my study was to complete this list of putative CBF target genes 
based on data from experiments on E. grandis/E. gunnii under abiotic stresses (see below). The 
candidate genes tested in the present work must satisfy three criteria: (1) prediction of DRE/CRT 
or LTRE element in their promoter, (2) up-regulation in CBF transgenic lines and (3) regulation 
by abiotic stresses. The present study aims to confirm previous results (Cao, 2013) and extend 
the dataset by analyzing the gene expression in different organs such as mature leaves, primary 
stems and stems of 5.5 month-old transgenic plants, which is the plant material exhibiting the 
highest transgene levels. 
In the first step, 53 putative DREB target genes from eight families were chosen to test 
the expression in different organs of transgenic lines by using PCR amplification, with the aim to 
select the positive candidates for further RT-qPCR analysis of their transcription level. The 
resulting data (Table 3.5) show that most of the genes are expressed in standard condition in both 
control (PK7) and transgenic lines. These experiments allow selecting 22 candidate genes for 
further quantification of transcript through RT-qPCR on different organs from transgenic lines.  
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Table 3.5: The expression of 53 putative DREB target genes from eight families are tested in different 
organs of transgenic plants (PK7: control, A and B line). cDNA from: (1) mixed tissues (including shoot 
tips, young leaves and branches from young plants), (2) mature leaves from 5.5 month-old plants and (3) 
mature leaves from 1-year old plants were used for PCR amplification. The differences in the signal of 
the PCR product: ++ (strong), + (significant), +- (low), - (very low) or Nd (Not detected).  Final selected 
candidates are in bold. DHN: Dehydrin, LEA: Late Embryogenesis Abundant, HSF: Heat Shock Factor, 
HSP: Heat Shock Protein, GolS: Galactinol synthase, RS: Raffinose synthase, β-AMY: β-AMYlase, MT: 
Metallothioneins.  
 Family No. of gene tested Gene tested Accession DRE LTRE 
Expression level 
PK7 A line B line 
DHN 8 
EgrDHN-01 Eucgr.A02128 3 3 +     (3)  ++     (3) 
EgrDHN-02  nd 5 8 ++   (1)  ++     (1) 
EgrDHN-03  nd 3 3 ++   (2) ++    (2) ++     (2) 
EgrDHN-06  Eucgr.F01726 1 2 Nd   (3)  Nd     (3) 
EgrDHN-07  Eucgr.F01727 3 3 ++   (3)  ++     (3) 
EgrDHN-09  nd 1 1 +     (1)  -        (1) 
EgrDHN-10  Eucgr.I02392 2 4 +-    (1) +       (1) +       (1) 
EgrDHN-11  Eucgr.I02395 4 6 ++   (2) ++    (2) ++     (2) 
LEA 20 
EgrLEA1-02 Eucgr.K01836 1 2 +-    (3)  ++     (3) 
EgrLEA2-24 Eucgr.D02327 1 1 ++   (3)  ++     (3) 
EgrLEA2-52 Eucgr.H00245 1 1 +     (3)  +       (3) 
EgrLEAlike-12  Eucgr.D00819 1 1 -      (3)  +       (3) 
EgrLEAlike-14  Eucgr.D01804 1 1 +     (3)  ++     (3) 
EgrLEAlike-15  Eucgr.D01805 1 1 -      (3)  +       (3) 
EgrLEAlike-24  Eucgr.E00793 1 1 +     (1)  +       (1) 
EgrLEAlike-35  Eucgr.F00213 1 4 +     (1)  +       (1) 
EgrLEAlike-40  Eucgr.F03133 1 1 +     (1)  +       (1) 
EgrLEAlike-49  Eucgr.J00543 1 1 ++   (1)  ++     (1) 
EgrLEAlike-52  Eucgr.J01845 1 2 +     (3)  +       (3) 
EgrLEAlike-58  Eucgr.J02119 1 3 +     (1)  +       (1) 
EgrLEAlike-66  Eucgr.K01313 1 2 +     (2)  +       (2) 
EgrLEAlike-67  Eucgr.K02330 1 1 -      (1)  +       (1) 
EgrLEA3-03 Eucgr.H01105 1 1 +     (2) +       (2) -        (2) 
EgrLEA3-06  Eucgr.K03492 1 1 +     (3)  +       (3) 
EgrLEA5-02  Eucgr.G03071 3 4 +     (3)  +       (3) 
EgrLEA5-05  Eucgr.J00195 1 1 +     (3)  +       (3) 
EgrLEA6-02  Eucgr.H02273 2 5 +     (3)  ++     (3) 
EgrLEA6-03  Eucgr.H02278 2 4 +-    (3)  +       (3) 
HSF 5 
HsfB2 Eucgr.A02804 1 1 Nd   (3)  Nd     (3) 
HsfA1D2 Eucgr.E00253 1 2 +     (3)  -        (3) 
HsfA2 Eucgr.C03056 2 6 +     (3)  -        (3) 
HsfA1B Eucgr.A02976 0 2 +     (3)  -        (3) 
HsfA9 Eucgr.C03424 1 3 Nd   (3)  Nd     (3) 
HSP 3 
EgrHSP70-03 Eucgr.E03189 6 6 Nd   (3)  Nd     (3) 
EgrHSP70-12  Eucgr.I02771 1 4 ++   (3)  ++     (3) 
EgrHSP70-13  Eucgr.J00023 2 2 ++   (3)  ++     (3) 
GolS 5 
EgrGolS-01  Eucgr.B01791 2 2 ++   (3)  ++     (3) 
EgrGolS-05  Eucgr.H02584 1 3 ++   (3)  ++     (3) 
EgrGolS-10  Eucgr.L00240 1 2 Nd   (3)  Nd     (3) 
EgrGolS-11  Eucgr.L00241 1 2 ++   (3)  ++     (3) 
EgrGolS-12  Eucgr.L00243 1 1 Nd   (3)  Nd     (3) 
RS 5 
EgrRS-04  Eucgr.C04266 2 5 +     (3)  ++     (3) 
EgrRS-06  Eucgr.F01231 1 1 +     (3)  ++     (3) 
EgrRS-07  Eucgr.F03658 3 5 -      (3)  +       (3) 
EgrRS10 Eucgr.I01757 1 2 +     (1)  +       (1) 
EgrRS-11  Eucgr.J02233 1 1 ++   (3)  ++     (3) 
β-AMY 4 
EgrbAMY1 Eucgr.A01734                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          1 1 + (3) +- (3) 
EgrbAMY4 Eucgr.E00139 1 7 Nd   (3)  Nd     (3) 
EgrbAMY5 Eucgr.E00330 2 2 ++   (3)  ++     (3) 
EgrbAMY8 Eucgr.H03767 1 1 ++   (3)  ++     (3) 
MT 2 
EgrMT1 Eucgr.B02368 1 1 ++   (3)  +       (3) 
EgrMT2 Eucgr.A01262 1 2 Nd   (3)  Nd    (3) 
Spiral 1 Spiral2-4 Eucgr.D00655 1 1 +     (1)  +       (1) 
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The results (Figure 3.16) show the transcription level of 18 genes which are significantly 
up-regulated compared to control, but in most of the cases, the up-regulation ratio between CBF 
overexpressors and control is quite moderate for A and B lines. The number of up-regulated 
genes is higher in B line (67%) than in A line (33%). In mature leaves, GolS5 and GolS11 are the 
most up-regulated in B9, while DHN10 exhibit the highest level in A25 plants (Figure 3.16A). 
Next, the expression of these genes was tested in primary stems of B9 plants which exhibited 
higher CBF over-expression compared to A line. As shown in Figure 3.16B, the expression of 
DHN and LEA genes is slightly up-regulated in transgenic lines, except RS and GolS genes 
which are down-regulated. LEAlike14 and LEA3-6 were more expressed in primary stems than in 
mature leaves of B9 plants. These results suggest that over-expression of CBF genes which may 
lead to the over-expression of effector genes involved in freezing tolerance.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CBF target genes such as DHN/LEA, Elip, HSP and Spiral (protection), GolS and RS 
(biosynthesis of osmolytes) and MT (detoxification) play an important role in the response to 
stress. The up-regulation of these putative CBF target genes have already been described in CBF 
over-expressors such as Arabidopsis (Sidiqua et al., 2011), blueberry (Walworth et al., 2012) 
and Eucalyptus (Navarro et al., 2011; Cao, 2013). It has been also reported that less membrane 
damage was correlated with an increase in sugar accumulation in wheat leaves during water 
Figure 3.16: Relative expression level of genes involved in stress tolerance in transgenic lines. The 
expression levels for each gene were normalized to the expression level in control plant (PK7), which was set 
at 1.0. (A) mature leaves of A25 and B9 lines, and (B) primary stems of B9 of 5.5 month-old plants were used 
as material. Results are means of three biological replicates. PP2A3 and IDH were used as reference genes.  
A 
B 
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stress (Bajji et al., 2000). The accumulation of soluble sugars was suggested to be involved in 
stress tolerance of Eucalyptus through interacting with cellular membrane to increase the 
stability of the lipid layers (Keller et al., 2013). The up-regulation of GolS and RS in transgenic 
lines may suggest the role of these genes in protecting cell membrane from damage in freezing 
condition. Results from this study also proved that putative CBF target genes were up-regulated 
not only in leaves but also in stems of CBF1b over-expressors. Higher expression level of most 
of the genes related to abiotic stress in B line compared to A line and control is in agreement 
with the better freezing tolerance of B9 plants. 
7.3. Stress response of putative DREB target genes involved in tolerance in E. grandis and E. 
gunnii plants 
As previously described, the putative DREB target genes were selected from previous 
studies. The transcriptional analyses were performed by using the same samples than for the 
comparative study of the abiotic stress response in leaves, stems and roots of E. gunnii and E 
grandis plants. 
Most of the tested genes are expressed in standard conditions (Figures 3.17 & 3.18) and 
the basal level of GolS5 is particularly high for both species. In addition, the gene expression 
significantly increases under cold, heat and drought conditions in both species which share the 
highly expressed genes. 
 As shown on Figures 3.17 & 3.18, RS10 and GolS11 are strongly drought-responsive in 
the three organs with a higher response for E. gunnii. Elip8 is above all heat responsive and its 
transcript amount under heat is higher in E. grandis stems compared to E. gunnii. For both 
species, GolS5 is cold-responsive in leaves. The responses of the other target genes to the stress 
treatments are moderate. DHN3 is highly expressed in E. grandis stems and in E. gunnii leaves 
under cold; under drought the DHN3 responses in all the organs are stronger for E. grandis than  
for E. gunnii. DHN9 and LEAlike66 are expressed in roots under cold and heat in E. grandis, but 
moderately in E. gunnii organs. For heat, HSP81 is much more expressed in E. gunnii compared 
to E. grandis in leaves and roots.  
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Figure 3.17: Relative expression level in control condition (T0) or highest relative expression levels 
under cold at 4°C, heat at 38°C or drought of stress-related genes in mature leaves (L), stems (S) 
and roots (R) of E. grandis. Results are means ± Sd of three biological replicates. 
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Figure 3.18: Relative expression level in control condition or highest relative expression levels in cold 
(4°C), heat (38°C), or drought of stress-related genes in mature leaves, stems and roots of E. gunnii. 
Results are means ± Sd of three biological replicates. 
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 Since the induction of tested DHN and LEA genes under abiotic stresses compared to 
control is moderate, four other genes (two DHN and two LEA genes) were tested in an 
independent experiment of expression analysis. Only mature leaves treated with cold and 
drought from E. grandis and E. gunnii were used. Results in Figure 3.19 show that the four genes 
are expressed in basal condition and EguDHN genes have higher level than EgrDHN ones. 
DHN10 is strongly induced by drought in both species, with higher expression level in E. 
grandis than in E. gunnii. This gene is also cold-inducible, and its expression level is much 
higher in E. gunnii. DHN1 and LEAlike14 are up-regulated by cold and drought with moderate 
levels in both species, while the level of LEA6-3 transcript amount increases only in E. gunnii 
under cold condition. 
The gene expression profiles of the putative DREB target genes tested in this comparative 
study are overall similar between the two species, but the stress response differs by intensity and 
organ specificity. With regard to the tolerance and CBF regulation, DHN10, LEA3-3 and GolS11 
look like the most promising candidates for promoting tolerance under the control of CBF genes. 
Discussion 
GolS and RS genes have been reported to be up-regulated by abiotic stress in Arabidopsis 
(Taji et al., 2002; Egert et al., 2013), maize (Zhao et al., 2003, 2004), coffee (Santos et al., 2011; 
2015), Medicago (Zhuo et al., 2013), Populus (Zhou et al., 2014). In Eucalyptus, these 
sequences are among the most represented genes in the E. gunnii cold transcriptome. They are 
induced early in the cold acclimation process and their activity leads to raffinose accumulation 
(Keller et al., 2013). 
GolS genes have different expression patterns under abiotic stresses. In Arabidopsis, 
AtGolS1 and AtGolS2 are drought inducible but not responsive to cold, while AtGolS3 is strongly 
induced by cold stress, not by drought (Taji et al., 2002; Nishizawa et al., 2008). In contrast to 
these three genes, AtGolS4 and AtGolS7, which are orthologous to EgrGolS5, are not expressed 
under either cold or drought conditions (Taji et al., 2002). In Populus, the expression of PtrGolS 
genes varies in different organs and the expression level of several PtGolS genes increase under 
cold and drought conditions (Zhou et al., 2014).   
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Figure 3.19: Relative expression level in control condition (A), cold (4°C) (B), or drought (C) of stress-
related genes in mature leaves (ML) of E. gunnii and E. grandis after 8h of treatment. Results are means ± 
Sd of three biological replicates. Statistically significant differences were calculated by using Tukey HSD test. 
Different stars on error bars indicate significant differences in expression level between E. grandis and E. gunnii 
in the same condition at P < 0.05 (*) or P < 0.01 (**). Induction rate which is presented below the bar chart is 
calculated relatively to the control values. 
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Notably, PtGolS4 transcripts are the most abundant in mature leaves in control condition which 
is also observed in Eucalyptus GolS5. In contrast, PtGolS3 (EgrGolS11 ortholog) is more 
expressed in stems in basal condition. PtGolS4 expression was only slightly increased at 2h of 
drought stress and decreased after 24h of cold and drought treatments, while the expression level 
of PtGolS3 increased at longer treatment time (Zhou et al., 2014). Our results show that 
Eucalyptus GolS5 is detected in basal condition and up-regulated in leaves under cold and 
drought stresses after 1-8h, but not under heat treatment, while GolS11 is more abundant in roots 
than in stems in control condition and it is strongly drought inducible in the three tested organs, 
with the highest level at 8h. This suggests an early induction of GolS5 gene and late induction of 
GolS11. The regulation of these genes in response to drought may be conserved in perennial 
trees, in contrast to Arabidopsis orthologs. In addition, no Arabidopsis ortholog was identified 
for EgrGolS11, indicating that GolS11 may be a duplicated gene in Eucalyptus. 
Differential accumulation of GolS transcripts under drought stress in related species 
contrasted for tolerance has been reported. CaGolS1 was up-regulated in leaves of the drought-
tolerant C. canephora, but not in the drought-susceptible C. canephora (Santos et al., 2015). In 
Eucalyptus, GolS11 in both E. grandis (drought sensitive) and E. gunnii (drought tolerant) is 
highly expressed in all organs under drought condition, but with higher expression level for 
E.gunnii than for E. grandis. This suggests that the constant expression of GolS may be involved 
in a very rapid hardening capacity in Eucalyptus. GolS genes are known to participate to the 
carbohydrate metabolism in catalyzing the synthesis of raffinose (Nishizawa et al., 2008), which 
is suggested to be involved in cold tolerance through membrane stabilization (Keller et al., 
2013).   
EgrRS10 is orthologous to AtRS5 which is responsive to cold, heat and drought stresses in 
leaves (Egert et al., 2013). Our expression analysis of RS10 shows that this gene is only up-
regulated under drought condition. The expression level of Eucalyptus RS10 is very high, in 
contrast to that of AtRS5 which is moderate in all stresses (Egert et al., 2013). Transcript 
accumulation of this gene is higher in E. gunnii stems compared to E. grandis, suggesting an 
involvement in drought tolerance. 
Transcripts of COR47 and LTI29 which are EgrDHN3 and EgrDHN9 orthologs are 
accumulated under cold stress but not under drought treatment (Hundertmark and Hincha, 2008). 
Similarly, Elip1 and Elip2 (orthologous to EgrElip8) known to protect photosystem, were highly 
induced under cold acclimation (Fowler and Thomashow, 2002). In addition, regulation of these 
genes is also correlated with light stress (Adamska et al., 1992) and heat shock (Harari-Steinberg 
103 
 
 
 
et al., 2001). Results from the present work show that EgrDHN1, 3, 9 and 10 were expressed 
under both cold and drought conditions, suggesting multiple functions of DHN proteins in 
response to abiotic stresses in Eucalyptus. DHN3 and 10 are more expressed in E. gunnii leaves 
than in E. grandis leaves, suggesting that they may contribute to higher cold tolerance for E. 
gunnii. Higher transcript amount of EgrDHN10 gene in E. grandis leaves under drought 
indicates a stronger response of this gene to water deficit in the tested time point. EgrElip8 was 
strongly heat inducible in both species, and its expression was slightly increased under cold and 
drought conditions, suggesting the involvement of Elip in the response to abiotic stress in 
Eucalyptus. Possibly, high temperature also positively controlled Eucalyptus Elip8 in a light-
independent manner, as proposed by Harari-Steinberg (2001) for Elip1 and Elip2 in Arabidopsis. 
Some genes which are induced by abiotic stresses such as DHN1, 10, LEAlike14, LEA6-3, 
GolS5, 11, HSP70-13, Elip8 and MT3 are also up-regulated in CBF over-expressors, suggesting 
they are regulated by Eucalyptus CBF genes. In addition, results from this work suggest that 
GolS5, 11 and RS genes may belong to CBF regulon in leaves, while DHN and LEA genes and 
Elip8 belong to CBF regulon both in leaves and primary stems of B line. The transcription factor 
activation of CBFs on target genes may depend on organs (Eucalyptus leaves and stems), like 
described in poplar (Benedict et al., 2006). Finally, our results are in agreement with the 
previous data from global transcriptome analysis showing that cryoprotection through 
accumulation of LEA/DHN and soluble sugars are considered to be one of the main mechanisms 
in Eucalyptus cold response (Keller et al., 2013; Cao, 2013). 
8. Regulation of genes involved in plant growth  
Expression profile of genes involved in plant growth in transgenic lines 
In the previous work (Cao, 2013), a set of genes involved in plant growth were first 
chosen based on the function reported from literature and in silico analyses for the prediction of 
DRE/CRT cis-elements in their promoter sequence. In addition, the expression have been tested 
in mixed tissues (shoot tips, young leaves and young branches) of CBF transgenic plants and 
many of them were found to be highly up-regulated, suggesting they are putative CBF target 
genes. 
In the present work, we selected five genes which prove to be up-regulated in the 
previous study for investigating their expression in other organs such as mature leaves and 
primary stems of developed plants to better understand the role of CBF gene in the control of 
plant growth. Results in Figure 3.20 show that the transcript level of SCR6 and COBRA4 are 
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higher in mature leaves of B9 and A25 lines, respectively, compared to control (Figure 3.20A), 
while the other tested genes exhibit similar transcription level. In primary stems of B9 plants 
(Figure 3.20B), SHN1 and KNOX3-6 were up-regulated while DELLA1, SCR6 and COBRA4 
have lower expression compared to the control.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 According to these data, the putative CBF target genes likely to mediate the control of 
plant growth are KNOX3-6 and SHN1 in the stems and SCR6 in the leaves. SHN1 could be 
involved in the stricking wax deposition of the transgenic lines which was already observed at 
the microcutting stage. However, it is surprising to observe overexpression in the stems but not 
in the leaves. KNOX3-6 may participate to the inhibition of growth under CBF control through 
repressing GA pathway (Hay and Tsiantis, 2010). With regard to this gibberellin pathway, the 
result on DELLA1 contrasts with observations on other CBF overexpressors like for apple trees 
which exhibit RGL (a DELLA) overexpression (Wisniewski et al., 2015). However, a similar 
result was already observed with the hypothesis of a feedback regulation (Niu et al., 2014). The 
up-regulation of SCR6 in leaves together with downregulation in stems may be related to sugar 
response (Cui et al., 2012). Sugar is essential for all cellular activities, but it inhibits growth and 
development as at high levels (Cui et al., 2012). For EgrCOBRA4, which looks down-regulated 
by CBF in primary stems, the role of this gene may be also related to SCW formation in 
particular cellulose deposition as described in Arabidopsis orthologs (Li et al., 2013). 
 
Figure 3.20: Relative expression level of genes involved in the growth in transgenic lines. The 
expression levels for each gene were normalized to the expression level in control plant (PK7), which 
was set at 1.0.  (A) mature leaves of A line (A25) and B line (B9), and (B) primary stems of B9 of 5.5 
month-old plants. Results are means of three biological replicates. PP2A3 and IDH were used as 
reference genes.  
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Cold 
Heat 
Drought 
Figure 3.21: Relative expression level in control condition or highest relative expression levels in cold (4°C), heat (38°C), drought stresses of 
development related genes in leaves, stems and roots of E. grandis. Results are means ± Sd of three biological replicates. Statistically significant 
differences were calculated by using Tukey HSD test. Different stars on error bars indicate significant differences between control (T0) and stress 
conditions at P < 0.05 (*), P < 0.01 (**) or P < 0.001 (***).  
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Expression profile of genes involved in development under abiotic stresses 
The regulation of the same five genes under stress was studied in E. grandis organs. As 
shown in Figure 3.21, expression of these genes is affected by stress treatments. EgrCOBRA4 is 
up-regulated under cold, heat and drought in the three tested organs, but mostly in leaves under 
cold. This gene does not exhibit a basal expression. Unlike EgrCOBRA4, EgrKNOX3-6 is more 
expressed in stems and roots than in leaves under cold and heat stresses, but not in drought 
condition. EgrDELLA1 is up-regulated in the three tested organs but only under cold condition. 
In contrast, EgrSHN1 expression level increases in roots under cold and drought treatments. 
Finally, EgrSCR6 is not stress-regulated in any organs under the three tested conditions. 
Our data from fluidigm show that KNOX3-6 and SHN1 are also up-regulated in E. gunnii 
stems by cold (Figure 3.22), with most often higher transcript amounts in E. gunnii than in E. 
grandis. 
 
 
 
  
 
 
 
 
 
Gene expression analysis through fluidigm technology was performed on additional TF 
genes involved in plant growth: OVATE and KNAT7. The results showed that in normal 
condition, the expression level of OVATE is much higher in stems than in leaves, while KNAT7 
is more expressed in leaves and than in stems in E. gunnii and E. grandis (Figure 3.23). OVATE 
and KNAT7 are up-regulated by cold in leaves of E. gunnii, but not in E. grandis. In stems, only 
OVATE is also cold inducible in both species. Under drought condition, the expression level of 
KNAT7 increased in leaves in the two tested species. 
  
Figure 3.22: Relative expression level of KNOX3-6 and SHN1 genes in stems (S) of E. gunnii and E. 
grandis after 8h of cold treatment. Results are means ± Sd of three biological replicates. Statistically 
significant differences were calculated by using Tukey HSD test. Different stars on error bars indicate 
significant differences between control (T0) and cold condition in the same gene at P < 0.05 (*). 
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Discussion 
 When compared to the data on transgenic lines, some of these results are in agreement, 
like the up-regulation of KNOX3-6 supporting a role in plant growth regulation in stress 
conditions under CBF control. However, some other results are contradictory like the induction 
of COBRA under stress while it is down-regulated in CBF overexpressors. This discrepancy in 
the results may be due to the timing of stress experiment, very early. It also reflects the 
complexity of abiotic stress response and the likely cross-talks between different pathways. 
EgrCOBRA4 which is up-regulated under abiotic stress in the three tested organs is 
orthologous to AtCOBL10-11 reported to be stress responsive but not in the roots (Brady et al., 
2007). The stress regulation of PtCOBRA18 gene (EgrCOBRA4 ortholog) is also observed in 
poplar under cold and heat treatment (Ye et al., 2009) and PtCOBRA18 is more expressed in 
shoot tips and young roots than in mature leaves or stems. This suggests that EgrCOBRA4 may 
be involved in cell expansion during the plant development, as reported for poplar (Ye et al., 
2009). In contrast to COBRA genes from Arabidopsis and maize which exhibit a moderate up-
regulation under stress, EgrCOBRA4 and PtCOBRA genes are highly responsive to abiotic 
stresses, indicating a differential stress regulation of this gene in perennial trees. Given the 
known role of this gene in cellulose deposition, it represents a good candidate for regulation of 
SCW formation under stress. The relationship with CBF TF remains to be clarified. 
Figure 3.23: Bar charts of the highest relative expression level of OVATE and KNAT7 genes in leaves 
(L), and stems (S) of E. gunnii and E. grandis under cold (C) at 4°C and drought conditions. Results 
are means ± Sd of three biological replicates. Statistically significant differences were calculated by using 
Tukey HSD test. Different stars on error bars indicate significant differences between control (T0) and 
stress conditions in the same gene at P < 0.05 (*).  
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EgrKNOX3-6 is AtKNAT6 ortholog which belongs to KNOX-1 class; these genes are 
typically expressed in meristem-enriched tissues and not in leaves (Hay and Tsiantis, 2009, 
2010). In agreement to this gene expression pattern, our results show that EguKNOX3-6 is 
expressed in stems and roots both in basal and stress conditions but poorly expressed in leaves. 
Together with the results on transgenic lines, this expression profile suggests that this KNOX TF 
is important for the growth regulation by CBF in stressful conditions. Under the control of CBF 
transcription factors, the growth inhibition would be advantageous in adverse environments. In 
addition, KNOX genes are known to be involved in the regulation of lignin synthesis (Hay and 
Tsiantis, 2010), therefore it looks like a good candidate of both growth and SCW formation 
under stress through CBF pathway. 
DELLA is known to respond to environmental signals in Arabidopsis (Achard et al., 
2006; Achard et al., 2008; Navarro et al., 2008). EgrDELLA1 is up-regulated in different tissues, 
which is in agreement with the regulation of DELLA gene in apple (Foster et al., 2007) but 
contrasts with the down-regulation of VviRGA3 under water stress (Grimplet et al., 2016). Above 
all no overexpression of DELLA1 gene was detected in the CBF overexpressors in the present 
study, in contrast to CBF overexpression in Arabidopsis where DELLA proteins are accumulated 
and active GA content is reduced leading to growth inhibition (Achard et al., 2008). However, in 
other studies, the up-regulation of GA20ox and GA3ox genes (bioactive GA) and repression of 
GA2ox genes (deactivation gene) were observed in tobacco and Arabidopsis CBF overexpressors 
(Niu et al., 2014; Huang et al., 2009). These authors hypothesized that this phenomenon might 
be a result of positive feedback and negative feedforward mechanisms in GA homeostasis 
regulation. Hence, it remains to be clarified if EgrDELLA1 is involved in this adaptive process in 
Eucalyptus. 
 In Eucalyptus, the cold transcriptional regulation of SHN1, TF involved in wax 
synthesis is in agreement with the observed stimulation of wax deposition and SHN1 up-
regulation in Eucalyptus CBF overexpressors (Navarro et al., 2011; Cao, 2013). As an adaptive 
strategy of Eucalyptus to withstand temperature and dehydration stresses (Shepherd et al., 2006), 
wax deposition would be under CBF regulation. In parallel, the PpCBF apple overexpressors 
exhibit altered dormancy associated with up-regulation of the DAM (Dormancy-associated 
MADs-box) gene. Finally, in woody plants, common CBF regulon would mediate cell protection 
and growth inhibition while specific CBF targets may be involved in winter dormancy for 
temperate trees or wax deposition for evergreens. 
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OVATE and KNAT7 genes may be also involved in stress response in Eucalyptus. In 
addition, the interaction between these two genes may occur in Eucalyptus as reported in 
Arabidopsis (Li et al., 2011). In Arabidopsis, AtOFP1 and AtOFP4 (OVATE proteins) interacted 
with both KNAT7 and BLH6 to modulate the activity of the BLH6-KNAT7 complex in 
regulating SCW biosynthesis and deposition (Li et al., 2011; Liu and Douglas, 2015). OVATE 
can also regulate growth like KNOX3-6 since it may directly regulate the expression of target 
genes such as GA20ox (Wang et al., 2016). 
The up-regulation of EgrCOBRA4, KNOX3-6, DELLA1 and SHN1 by stresses in different 
organs, especially in stems, suggests the role of these genes in controlling development in 
challenging environment. KNOX3-6 is mainly cold and heat-induced in stems, while SHN1 is 
cold and drought-responsive both in stems and roots. In contrast, COBRA4 is multi-stress 
responsive at the whole plant level. Results from expression analysis of these genes in transgenic 
lines suggest that COBRA4 and SCR6 may belong to CBF regulon in leaves, while KNOX3-6 and 
SHN1 may be regulated by CBF gene in stems. Unexpectedly, DELLA1 was not up-regulated in 
leaves and primary stems of transgenic lines, indicating it may not be CBF target genes or not 
under CBF transcriptional control in these organs. There are three DELLA paralogs in 
Eucalyptus (Cao, 2013), maybe DELLA2 or DELLA3 are under CBF control. 
Altogether these results suggest that COBRA4 and KNOX3-6 may be interesting 
candidates for respectively the specific regulation of SCW formation or the combined regulation 
of SCW formation/growth under stress through CBF pathway.  
9. Regulation of putative CBF target genes involved in wood formation 
 9.1. Expression profile of genes related to SCW formation in CBF over-expressors 
Expression analysis of MYB and NAC TF genes in transgenic lines  
MYB and NAC genes involved in regulation of cell wall deposition were chosen based on 
results from the previous studies on Eucalyptus (Soler et al., 2015; Hussey et al., 2014). Some of 
them are also known to be up-regulated under cold stress (Hussey et al., 2014; Ployet et al., 
2014). Some of the MYB and NAC genes which contain DRE/CRT or LTRE cis-element in their 
promoters could be regulated directly by CBF genes. To investigate this hypothesis, expression 
analysis of MYB and NAC genes was performed in transgenic plants of different ages. Primary 
stems of 5.5 month-old transgenic plants from both A and B lines were first used. Secondly, the 
gene expression analysis is conducted on primary stems and xylem from 1 year-old transgenic 
plants, because of the very high expression level of transgene compared to A lines.   
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Results in Figure 3.24 show that most of the tested MYB and NAC genes are up-regulated 
in woody tissues of transgenic plants and their expression is higher in younger plants than in 
older ones. In younger transgenic plants (5.5 month-old transgenic plants), the most up-regulated 
genes in both transgenic lines are NAC47 and MYB64, and expression level of these genes in B 
line is twice higher than in A line (Figure 3.24A). Several genes such as MYB81, MYB88 and 
NAC65 are also overexpressed in CBF1a and CBF1b overexpressors with a moderate level, a 
little bit more in B line than in A line. The expression analysis in woody tissues of older 
transgenic plants (1 year old transgenic plants) shows that most of the genes have high transcript 
level in primary stems in particular MYB64, MYB81, NAC47 and NAC65 which are highly 
expressed in primary stems. From these data, these four genes look like under CBF control. 
Expression profile of genes involved in lignin biosynthesis in CBF over-expressors. 
Next, we tested the expression of genes encoding enzymes of lignin biosynthesis pathway 
in CBF over-expressors. The selected genes are known to be cold responsive in Eucalyptus 
(Ployet et al., 2014), up-regulated in stems of 4 month-old transgenic plants (Cao, 2013) and 
they also contain DRE/CRT or LTRE cis-element in their promoters (Cao, 2013). In the present 
work, the expression of these genes was quantified in stems to confirm the previous results and 
Figure 3.24: Relative expression level of MYB and NAC genes in different organs of transgenic 
plants. The expression levels for each gene were normalized to the expression level in control plant 
(PK7), which was set at 1.0. (A) the expression level of MYB and NAC genes in primary stems of 5.5 
month-old plants from A line (A25) and B line (B9), compared to control (PK7). (B) MYB and NAC 
expression profile in primary stems and xylem of 1 year-old transgenic plants from B9 line, in comparison 
with PK7. Results are means of three biological replicates. PP2A3 and IDH were used as reference genes. 
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in primary stems and mature leaves to know whether they belong to CBF regulon in these 
organs. 
 
 
 
 
 
 
 
 
 
 
 
The common feature of most of the lignin biosynthetic genes is to be up-regulated in the 
three tested organs in both CBF1a and CBF1b over-expressors (Figure 3.25). Some genes are 
regulated at the same expression level in A line and B line, while the expression of some genes is 
contrasted between A and B line.  
CAD34 exhibits a very high expression level in leaves and stems of B9, but a lower level 
in primary stems compared to A25. Similar expression profile is observed for CCR2 and 
CCoAOMT15, but with a lower up-regulation rate. Unlike these genes, COMT57 is more 
expressed in leaves of A25 than B9, whereas there is no significant difference between the lines 
in primary stems and stems. With moderate expression level, C3H2 shows a similar expression 
in the three tested organs of the two transgenic lines. 
 In conclusion, the results suggest that genes up-regulated in both transgenic lines (C3H2, 
C3H3, CCR2, CCoAOMT15, COMT57 and CAD34) may be directly or indirectly under the 
control of CBF. 
Figure 3.25: Relative expression level of genes involved lignin biosynthesis in mature leaves, 
primary stems and stems of 5.5 month-old transgenic plants (A25 and B9 lines). The expression 
levels for each gene were normalized to the expression level in control plant (PK7), which was set at 
1.0. Results are means of three biological replicates. PP2A3 and IDH were used as reference genes. 
 
Mature leaves Primary stems Stems 
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9.2. Expression profile of genes related to SCW formation under abiotic stresses in E. grandis 
and E. gunnii 
In the present study, the gene expression analyses of selected MYB and NAC genes were 
investigated in organs from E. grandis and E. gunnii under cold, heat and drought. 
As expected, MYB and NAC genes are expressed in control condition more in stems and 
roots than in leaves in both species (Figure 3.26 & 3.27). The expression of MYB and NAC genes 
increases in at least one organ under stress condition. 
 Under drought treatment, the common feature in the two tested species is that the MYB 
genes are more expressed in roots than NAC genes. MYB81 and NAC47 are highly drought 
responsive in the tested organs in both E. grandis and E. gunnii. The other tested genes are less 
expressed and regulated in leaves than in other parts of the plant, with the exception of MYB140 
in E. gunnii which is up-regulated in leaves and stems, not in the roots. The expression of 
MYB93 and NAC152 is up-regulated both in stems and roots of E. grandis, but these genes are 
more drought inducible in stems than other parts of E. gunnii plants. Lastly, the MYB97 
expression only increases in roots in both species, while NAC75 is highly up-regulated in stems 
with higher level for E. gunnii. 
 For cold stress, NAC genes are more expressed in stems than in leaves and roots of the 
two species, in contrast to a down-regulation of most of the MYB genes in all organs. An increase 
in expression level is observed in EguMYB2 in all tested organs, whereas transcript amount of 
this gene only slightly increased in leaves and roots of E. grandis. In leaves, MYB81 is up-
regulated in E. gunnii but not in E. grandis. In addition, some other genes are also cold inducible 
in stems such as NAC26 (in the two species), NAC152 (in E. gunnii) or NAC65 (in E.  grandis).  
 Under heat condition, only MYB97 is up-regulated in roots both in E. grandis and E. 
gunnii, while expression level of NAC152 only increased in E. gunnii. 
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Figure 3.26: Relative expression level of development related genes in E. grandis leaves, stems and roots under cold (4°C), heat (38°C), drought for 
8h and control condition (0h). Results are means ± Sd of three biological replicates.  
 
114 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.27: Relative expression level of development related genes in E. gunnii leaves, stems and roots under cold (4°C), heat (38°C), drought for 
8h and control condition (0h). Results are means ± Sd of three biological replicates.  
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Among the genes overexpressed in CBF overexpressors, NAC47 is highly induced by 
drought stress while MYB64 is surprisingly repressed by the three stresses. Maybe an induction 
of MYB64 occurs but later than 8h after exposure. 
Discussion 
 Some NAC genes have been identified as master activators of SCW formation in 
metaxylem and protoxylem such as VND6 (EgrNAC26 ortholog) and VND7 (EgrNAC75) (Kubo 
et al., 2005) or in fibers such as SND1 (EgrNAC61) and NST1 (EgrNAC49) (Zhong et al., 2006). 
SND3 which is EgrNAC47 and 64 ortholog is directly activated by SND1/NST1, while SND3 has 
not been detected as VND6/VND7 direct target (Zhong et al., 2008).  
 Expression analysis of NAC genes under abiotic stress showed that EgrNAC26 was 
mainly cold responsive while NAC75 and 47 are above all induced by water deficit. The 
expression of EgrNAC64 only slightly increased in leaves and roots under drought stress in 
contrast to E. globulus where EglNAC61 and 64 are induced by cold in leaves and primary 
stems, respectively (Hussey et al., 2014). In the present work, EgrNAC47, 49, 61, 64 exhibit no 
cold regulation in the tested conditions (Appendix 3.13). This difference could be explained by a 
longer treatment (16h) compared to our experiment (8h). 
 EgrNAC47, 64 and 65 are putative CBF target genes because DRE/CRT cis-elements 
were predicted in their promoter. However, according to the overexpressor analysis EgrNAC47 
and 65 look like the most likely ones. In Arabidopsis, ANAC018 (EgrNAC65) is known to 
participate in regulation of embryogenesis (Kunieda et al., 2008), but the role of this gene in 
response to abiotic stress is unknown. So NAC47 and NAC65 may be involved in the remodeling 
of SCW formation controlled by CBF in stressful conditions.  
The role of MYB genes in response to abiotic stresses and SCW formation have been 
previously reported (Christianson et al., 2010; Tran et al., 2010; Nakashima et al., 2012 ; Yang 
et al., 2012; Almeida et al., 2013a; 2013b; Cao et al., 2013; Sun et al., 2014; Nakano et al., 
2015). EgrMYB93 and 140 are putative co-orthologs of AtMYB13-14-15 in Arabidopsis (Soler et 
al., 2015). It is known that AtMYB15 is responsive to drought and cold stresses (Ding et al., 
2009; Miura et al., 2007; Agarwal et al., 2006). In addition, AtMYB15 is known as negatively 
regulating CBF genes by interacting with ICE1 and binding to MYB recognition sequences in 
CBF gene promoters (Agarwal et al., 2006). 
AtMYB75/PAP1 (Production of Anthocyanin Pigment1), AtMYB90/PAP2, AtMYB113 and 
AtMYB114 are putative EgrMYB81 orthologs. In Arabidopsis, AtMYB75/PAP1 regulates 
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anthocyanin biosynthesis in vegetative tissues (Gonzalez et al., 2008) and it is induced by light 
and temperature (Cominelli et al., 2007; Rowan et al., 2008). In addition, AtMYB75 has been 
shown to be involved in SCW formation of xylem tissues (Bhargava et al., 2010). It would 
negatively regulate SCW biosynthesis through interacting with the transcriptional repressor 
KNAT7 (KNOTTED-LIKE HOMOEBOX OF ARABIDOPSIS THALIANA 7).  
EgrMYB81, 93 and 140 are up-regulated in Eucalyptus leaves, stems and roots under 
drought stress, but no DRE/CRT is predicted on their promoter. EgrMYB81 contains LTRE cis-
element and the expression of EgrMYB81 also increases in woody tissues of CBF transgenic 
lines suggesting that it might be a CBF target gene involved in SCW formation in Eucalyptus. 
EgrMYB64 and 88 belong to WPSII and WPSI (Wood Preferential Subgroups), 
respectively, described by Soler et al. (2015) and only present in woody species. These genes 
have been reported to be preferentially expressed in the cambium-enriched region, which is 
responsible for the extensive secondary growth leading to wood formation. Our results show that 
both EgrMYB64 and 88 were down-regulated in the three organs under the tested conditions, but 
maybe it is a matter of time course since EgrMYB64 was previously shown to be cold inducible 
in stem of E. gundal and E. gunnii after 2, 15 and 46 days of cold treatment (Ployet et al., 2014). 
EgrMYB64 and 88 were also up-regulated in primary stems of CBF-overexpressors. In contrast 
to EgrMYB88, DRE/CRT is predicted in the promoter of EgrMYB64, suggesting it may be a 
direct CBF target gene. Therefore, if the induction by stresses is confirmed for longer exposure 
times, EgrMYB64 could be involved in the control of wood formation under stress through CBF 
pathway. 
Our results show that EgrMYB2 is induced in leaves and roots under abiotic stress 
conditions, in contrast to EgrMYB1. It is known that both MYB1 and MYB2 are master regulators 
of wood formation, but with contrasted functions, repressor and activator, respectively. These 
two genes are up-regulated in A and B transgenic lines with moderate levels but no DRE/CRT or 
LTRE cis-element was predicted on their promoter. EgrMYB2 is a putative ortholog of AtMYB46 
and AtMYB83 which are second-layer master switches in transcriptional network regulating 
SCW formation (Nakano et al., 2015). Interestingly, AtMYB4 which is EgrMYB1 ortholog is a 
direct target gene of AtMYB46 and AtMYB83 (Ko et al., 2014). Therefore, EgrMYB2 could be 
indirectly regulated by CBF and, in turn, control the expression of EgrMYB1. 
 Several genes related to lignin biosynthesis (for example, PAL, CCR, COMT, and 
CCoAOMT) are up-regulated in response to cold (Badowiec and Weidner, 2014). In Eucalyptus 
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many lignin biosynthetic genes in phenylpropanoid pathway have been identified (Carocha et al., 
2015; Ployet et al., 2014) and some are also cold inducible (Ployet et al., 2014). 
Six lignin biosynthetic genes which are putative CBF target genes (Cao, 2013) were 
tested in the present study for their expression in different organs such as leaves, primary stems 
and stems of CBF over-expressors. Up-regulation of most of these genes in three tested organs of 
transgenic lines suggests that they may be under CBF control and their activity is not limited to 
young tissues as previously reported but also in older organs. In addition to the prediction of 
DRE/CRT cis-element on their promoters, these genes are up-regulated in A and B transgenic 
lines, suggesting that they belong to CBF regulon. Therefore, CBF genes may play a role in the 
cell wall strengthening in response to cold stress through controlling the expression of lignin 
biosynthetic target genes. 
10. Selection of candidate genes involved in the control of plant tolerance, plant growth or 
SCW formation putatively regulated through DREB pathway and transgenic experiments 
for overexpressing them. 
10.1. Selection of candidate genes 
Candidate genes involved in stress tolerance 
From this work together with previous and parallel data from the team, our goal was to select 
candidate genes regulated by CBF and involved in the control of stress tolerance, growth or 
SCW formation under stress. Functional studies of these genes could then be planned to better 
understand their role in stress tolerance in Eucalyptus and for improvement of tolerance to 
abiotic stress as described in some species (Peng et al., 2008; Gao et al., 2013). Firstly, seven 
putative DREB target genes involved in stress tolerance which are highly expressed under cold 
and/or drought conditions are summarized in Table 3.6. Based on the results from Table 3.5, we 
recommend three genes related to abiotic stresses and may be controlled through DREB 
pathway: DHN10, LEA3-3, and GolS11 for further studies. RS10 looks like a good candidate, but 
a low expression of this gene in transgenic lines shows that it may be not regulated by DREB 
gene.  
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Table 3.6: Summary of candidate genes involved in stress tolerance may be regulated through DREB pathway in Eucalyptus. The expression 
level of gene is presented with: - <1-fold; 1< +- < 2-fold; 2 < + < 10-fold; 10 < ++ < 100-fold; 100 < +++ < 500-fold; Nd: Not detected; * Not known yet. Data 
correspond to the induction rate of the genes in different organs in E. grandis under stress conditions compared to control. 
 
 
 
 
Gene DHN3 DHN9 DHN10 LEA3-3 RS10 GolS5 GolS11 
Accession nd nd Eucgr.I02392 Eucgr.H01105 Eucgr.I01757 Eucgr.H02584 Eucgr.L00241 
Family LEA LEA LEA LEA RS GolS GolS 
DRE/CRT (in 1000bp promoter before ATG) 3 1 2 1 1 1 1 
Induced by cold, 8h 
in leaves + +- + + +- + - 
in stems + +- * + + +- ++ 
in roots +- + * +- +- +- +- 
Induced by drought, 8h 
in leaves +++ +- +++ ++ ++++ - ++++ 
in stems ++ + * + +++ - ++++ 
in roots ++ + * - +++ - ++ 
Overexpression in leaves of A or B line * * + + +- + + 
Overexpression in stems of B line * * +- +- +- +- +- 
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Candidate genes related to wood formation or involved in both SCW formation and plant 
growth  
Next, putative DREB target genes involved in wood formation, or both plant growth and 
SCW formation is considered. The candidate genes have been selected based on different 
criteria: (1) up-regulation under stress condition, in particular in lignified tissues for the SCW 
related genes; (2) under the control of the DREB pathway (based on the expression results in 
transgenic lines and in silico data from promoters); (3) biological function (data from literature). 
Among the up-regulated genes related to growth and wood formation, eight interesting 
genes including NAC47, NAC64, NAC65, MYB64, MYB81, COBRA4, EgrSHN1, and KNOX3-6 
have been chosen for further consideration. As an additional approach to choose the best 
candidates, RNAseq data from partners provided complementary information about the basal 
expression of these genes in different organs or tissues, in particular phloem, xylem and tension 
wood. 
With the aims to select the best candidates for functional studies, these different 
approaches were combined, as summarized in Table 3.7. Together with a high basal expression 
in all tissues, MYB64 exhibits the highest up-regulation in primary stems of B line and in E. 
gunnii stems under cold condition. Like MYB64, NAC47 is also highly up-regulated in primary 
stems of transgenic line and up-regulated by cold. NAC64 is highly expressed in standard 
condition in all tissues, particularly in woody tissues. Both NAC64 and NAC65 are cold-
regulated in stems, but only NAC65 is up-regulated in stems of CBF over-expressors. These 
results suggest that MYB64, NAC47 and NAC65 are good candidates for wood formation.  
SHN1 and MYB81 exhibit a basal expression in different tissues, but not in xylem. These 
two genes are also up-regulated in primary stems of B line. However, SHN1 is cold inducible at 
8h of cold treatment, while MYB81 is down-regulated in the tested cold treatment. In addition, 
the heterologous expression of AtSHN2 in rice (Oryza sativa) caused a 34% increase in cellulose 
and 45% decrease in lignin content, suggesting the role of this gene in controlling of SCW 
formation (Ambavaram et al., 2011). From these two genes, SHN1 looks like the best candidate 
for plant growth. 
KNOX3-6 and COBRA4 expressed in transgenic stems is also cold-induced. KNOX genes 
may be involved in both regulation of plant growth and lignin synthesis, while COBRA genes  
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Table 3.7: Selection of candidate genes for overexpression in Eucalyptus. The expression level of gene is presented with: - <1-fold; 1< +- < 2-fold; 2 
< + < 10-fold; 10 < ++ < 100-fold; 100 < +++ < 500-fold; Nd: Not detected; * Not known yet 
 
 
 
 
 
  
Gene  
Genes involved in SCW formation Genes involved in wood formation and growth 
NAC47 NAC65 MYB64 MYB81 SHN1 KNOX 3-6 COBRA4 
Phytozome locus Eucgr.D00595 Eucgr.F01091 Eucgr.D02390 Eucgr.F02842 Eucgr.C01178 Eucgr.H03292 Eucgr.F03435 
At ortholog ANAC010 AtNARS2-NAM No 
AtMYB75/ 
AtMYB90/ 
AtMYB113/ 
AtMYB114 
AtSHN1 AtKNAT6 
AtCOBRA10 
AtCOBRA11 
Familly/sub-family/sub-group NAC/II NAC/Va 
R2R3MYB/ 
WPS-II 
R2R3MYB/S6 AP2-ERF B6 KNOX classe 1 COBRA 
DRE/CRT 1 3 1 1 (LTRE) 2 1 1 
RNAseq leaves E.grandisa 111-316 4,5 to 12 27696 to 44075   1633 to 10322 18 to 22 No data No data 
RNAseq roots E.grandisa 735 871 No data No data 0 No data No data 
RNAseq flower E.grandisa 155 240 397200 3392 20,5 No data No data 
RNAseq shoot tip E.grandisa 264 25 97239 10322 38 No data No data 
RNAseq phloeme E.grandisa 104 54 164309 0 0 No data No data 
RNAseq immature xylem E.grandisa 14 41 59134 0 0 No data No data 
Express in primary stems of B lineb ++ + ++ + + +- - 
Express in stems of  B lineb + + + * + + +- 
Express in xylem of B lined +- +- - - * * * 
Express in E.gunnii 8h at 4°C in steme +- nd - - + + ++ 
Express in E.gunnii 14 days at 4°C in stemf + + ++ * + + * 
Express in E.gunnii 1h at 38°C in steme + nd - - - + + 
Express in E.gunnii 8h under drought in steme + nd - +- + - ++ 
Express in E.grandis 8h at 4°C in steme - +- - - +- +- ++ 
Express in E.grandis 1h at 38°C in steme +- +- - - - + + 
Express in E.grandis 8h under drought in steme + - - + +- - ++ 
a 
Myburg et al., 2014; 
b 
primary stems and stems of 5.5 month-old transgenic plants; 
d 
xylem of 1 year-old transgenic plants;  
e
stems of E. gunnii 5 
month-old seedlings; 
f
Ployet et al., 2014. 
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may be related to cellulose deposition. Hence, KNOX3-6 and COBRA4 are considered as good 
candidate genes.  
In conclusion, NAC47, NAC65, MYB64, SHN1, COBRA4 and KNOX3-6 are good 
candidate genes: NAC, MYB and COBRA genes for regulation of SCW formation, KNOX and 
SHN for regulation of plant growth and maybe SCW formation. Based on the expression level of 
these genes in transgenic lines, four first genes are chosen for over-expression in Eucalyptus in 
the present work. For MYB64, it is over-expressed in Eucalyptus roots in another work in our 
team. 
10.2. Transfer of candidate genes into Eucalyptus lines  
The transformation protocol of E.urophylla x E.grandis by Agrobacterium tumefaciens 
have been designed in the team (Tournier et al., 2003). Briefly, explants corresponding to half of 
young leaves were transferred into the cell reactivation medium for 2 days. Then, inoculation 
phase between explants and Agrobacterium harbouring construct was performed through 
sonication and vacuum infiltration. After a given duration of co-culture phase, transformed 
explants were selected on the selective medium (BITAugK). Finally, the shoot formation was 
induced as explants were transferred to SDM medium. The goal here was to optimize the 
procedure in view of transforming some of the candidate genes selected above. 
10.2.1. Optimization of transformation parameters  
 The osmoprotectant proline was demonstrated to play a synergic effect with 
acetosyringone to increase the efficiency of Agrobacterium transformation in apple leaf discs 
(James et al., 1993), likely through a protection of bacteria against environmental stresses. In this 
study, three different proline concentrations were used for transformation experiment with SHN1 
construct. The efficiency of transformation (15 days after transformation) is calculated as the 
ratio between the number of callus putatively transformed (red dots under green light), on the 
total number of explants. The results (Figure 3.28) show that transformation efficiency was the 
highest at 10µM of proline concentration with efficiency of  50%. Transformation efficiency is 
similar at 1µM and 1mM, about 30%. Based on this result, 10µM of proline was used for further 
transformation with other constructs. 
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Transformation experiments have been performed with three constructs for a total of 
1907 explants. Transformation efficiency is close to 40%, on average, for the three 
transformations (SHN1, NAC65 and empty vector). The standard deviation (SD) indicates a 
variability between experiments maybe due to the bacteria virulence (despite similar preparation) 
and/or the reactivity of the explants (physiological leaf state) even when they have the same age 
(10 days after transplanting). 
10.2.2. Regeneration of transgenic lines 
Using the described transformation procedure, 300 explants for each construct (SHN1, 
NAC65 and empty vector) and 75 explants for regeneration control were used in the first set of 
experiments. For regeneration control, the bud regeneration rate was very high, since 75% of the 
total of explants were regenerating buds with an average number of 8.77 buds per explant (Table 
3.8). However, no bud was obtained for SHN1, NAC65 or empty vector constructs, since the 
calli died gradually during few weeks on SDM, probably due to the excessive concentration of 
kanamycin (50mg/l) which is known to strongly impact regeneration.  
To evaluate the impact of kanamycin on regeneration, the explants of the second set of 
experiments were divided into two conditions for the selection step: in the first group, explants 
were grown on Bit without kanamycin for two weeks then to BitAugK for the next two weeks. In 
the second group, explants were transferred on BitAug + Kan30mg/l for four weeks. Many buds 
were regenerated from both groups with a regeneration rate up to 10.6% with an average number 
of 5.37 buds per explant. However, among the regenerative structures, no RFP positive bud was 
obtained for both groups after 2 months on SDM medium. This active development of 
untransformed cells may be due to an inefficient selection step caused by either too long period 
Figure 3.28: Effect of proline on transformation efficiency. Values are transformation efficiency 
means ± Sd of three independent experiments. Statistically significant differences were calculated by 
using Tukey HSD test. Letters on error bars indicate significant differences between concentrations 
of proline at p<0.05 
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on Bit medium without selection (first group), or too low kanamycine concentration (second 
group). A reduction of transformation efficiency was also observed in both groups (Table 3.8). 
These results suggest that kanamycine at 50mg/l is required for the first stage of selection, and 
the period on Bit medium without kanamycine has to be shorter. 
In the last set, 889 explants from three constructs were placed on Bit without kanamycin 
for 5 days and then on BitAugK for 23 next days. In next step, explants were transferred into Bit 
with lower kanamycine and augmentin concentrations (30mg/l and 150mg/l, respectively) for 2 
weeks and then on SDM. Results showed that transformation efficiency is higher compared to 
previous results. Buds are regenerated after four weeks on SDM, but no RFP was detected. A 
new cycle of bud induction/shoot development (four weeks on BitAugK and then on SDM) was 
applied for positive calli from all the constructs. After three months on SDM some positive buds 
were detected for empty vector (Figure 3.29) with the regeneration rate 3.37%, but again no RFP
 
could be detected on bud for SHN1 and NAC65 constructs. 
The buds were regenerated in the second experiment as concentration and application 
duration of selective agent was reduced, although no RFP positive buds were detected. This can 
be explained in part by a less efficient selection. Indeed, transformation efficiency was 
significantly reduced as compared to higher concentration and longer duration of kanamycin 
which is applied in the first experiment. In the last experiment, some RFP positive buds were 
regenerated when concentration of 50mg/l kanamycin was only applied after five days on bud 
induction medium and a new cycle of bud induction/shoot development was established. This 
indicates that kanamycin strongly impacts explant development in the first days and that 50mg/l 
of kanamycin is required for selection. In addition, a repeated cycle of bud induction/shoot 
development is essential to induce bud initiation and development. 
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Table 3.8: Efficiency of transformation and regeneration procedure  
Transgene 
Experiment 
(No. of explants) 
Selection protocol 
Transformation 
efficiency 
(1)
  (%) 
Regeneration 
rate
(2)
 (%) 
Average number 
of buds 
(3) 
Number of 
RFP buds
(4) 
Regeneration rate 
of RFP positive 
buds (%) 
SHN1 
NAC65 
Empty 
1 (300) BitAugK for 4 weeks 50.9 ± 8.9 0 0 0 0 
2-Group 1 (518) 
Bit + Aug300 for 2 weeks and then 
Bit + Aug300 + Kan50 for 2 weeks 
34.43 ± 1.5 10.6 ± 2.33 5.37 ± 1.17 0 0 
2-Group 2 (200) Bit + Aug300 + Kan30  for 4 weeks 32.78 8.3 ± 3.42 4.21 ± 2.3 0 0 
3- (889) 
Bit + Aug300 for 5 days and then on 
Bit + Aug300  + Kan50 for 23 days 
45.3 ± 8.2 4.9 ± 1.64 1.78 ± 0.86 3 3.37 
Regeneration 
control 
- Bit without Aug and Kan 75 11.7 8.77 - - 
 
(1) (number of explants with RFP positive spots / total number of explants x 100), 2 weeks after transformation 
(2) (number of regenerating explants  / total number of explants x 100), about 3 months after transformation 
(3) number of buds / regenerating explants  
(1), (2), (3): values are means of independent experiments from three constructs. 
(4): RFP positive buds are only from empty vector 
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Figure 3.29: The major stages of genetic transformation of E. urophylla x E. grandis by Agrobacterium 
tumefaciens (AGL1). A half of leaves of E. urophylla x E. grandis were inoculated with Agrobacteria 
containing the expression vector. These explants were cultured on a series of  media leading to regeneration 
of transformed shoots which were then isolated and multiplied to obtain stable transgenic lines. 
 
 Multiplication 
After 4 – 12 weeks on SDM medium 
Transformed line 
 
2-3mm 
E. urophylla x E. grandis 
Infiltration 
After 4 weeks on selective 
medium (BitAugK) 
 Transfer on SDM medium 
126 
 
 
 
In the present work, young leaves of E. urograndis in vitro-cultured plants were used as 
material, since juvenile tissues are considered to be more efficient for transformation and plant 
regeneration of Eucalyptus (Girijashankar, 2011). In agreement with our procedure (Tournier 
et al., 2003), regeneration of E. camaldulensis buds from leaf explants of in vitro-cultured 
plants was successful (Mullins et al., 1997). In our first experiment, no bud was regenerated, 
although optimized conditions for bud regeneration from genotype of E. urograndis hybrid 
(Navarro et al., 2011) were applied. The occurrence of contamination due to the 
Agrobacterium lasting proliferation and oxidation due to high antibiotic and/or selective agent 
concentrations which was toxic for the explants (Quisen et al., 2009; Öz et al., 2009) was 
observed after two to four weeks on SDM, leading to losses up to 75% of samples. The 
concentration and duration of application of the antibiotic in the culture medium in this work is 
performed as previously described (Navarro et al., 2011). In this work, on the one hand, 
regeneration still proved to be efficient in the control and on the other hand transformation 
efficiency was high enough. The lack of transformed regenerants points out how delicate is the 
balance between the two processes in a rather recalcitrant species like Eucalyptus. It also 
shows the necessity of a very accurate optimization of the selection step and maybe the choice 
of different selective agents. Anyway the constructs are ready once this step is solved, 
otherwise root transformation system is also available in the team. 
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General discussion 
ICE and CAMTA genes have proved to be involved in the regulation of CBF/DREB and 
consequently of their target genes, enhancing tolerance to abiotic stresses (Feng et al., 2013; 
Xu et al., 2014; Doherty et al., 2009). In this study, one ICE and four CAMTA genes were 
identified in E. gunnii which is the same number than in E. grandis. Eucalyptus ICE activity 
might be regulated by phosphorylation in contrast to ICE from Arabidopsis (Chinnusamy et 
al., 2003). Recently, Ding et al. (2015) demonstrated that cold stress activates the protein 
kinase OST1 (open stomata 1) and in response to cold, OST1 phosphorylates and stabilizes 
ICE1, thereby stimulating ICE1 and enhancing plant tolerance to freezing temperatures. ICE 
from Eucalyptus which exhibit a basal expression, are also induced by cold, as the downstream 
CBF genes. Nevertheless, modification of the ICE1 protein may be also important for 
Eucalyptus ICE1 to activate the transcription of CBFs (Chinnusamy et al., 2003; Miura et al. 
2007). 
The four Eucalyptus CAMTAs gene (CAMTA1-4) showed a close relationship with four 
Arabidopsis CAMTA genes (AtCAMTA1-4) which are known to participate together in Salicilic 
acid-mediated defense responses and cold tolerance (Doherty et al., 2009; Kim et al., 2013), 
indicating that Eucalyptus CAMTA1-4 genes have a close relationship with each other and may 
function together in the same pathway. 
The detection of Eucalyptus CAMTA genes both before and after abiotic stresses can be 
explained by the presence of IQ motifs and CaMB domain. It is proved that the IQ domain 
binds to CaM in a Ca
2+
-independent manner, while the CaMB domain interacts with CaM in a 
Ca
2+
-dependent way (Choi et al., 2005; Finkler et al., 2007; Du et al., 2009; Yang et al., 2012). 
Hence, CAMTAs enables to interact with CaM in the absence as well as presence of Ca
2+
, 
leading to inactivating or activating the downstream genes in response to different 
concentrations of Ca
2+
. 
While the number of CBF genes in Eucalyptus is much higher than in Arabidopsis, 
maybe as an adaptation to a challenging environment, the up-stream step of the pathway did 
not experience such a gene family expansion. An increase in CBF copy number by duplication 
in winter alleles have been described in several cereals in relation with higher cold tolerance 
(Knox et al., 2010). The number of Eucalyptus genes in tandem repeat is the largest reported 
among sequenced plant genomes (Myburg et al., 2014) and expansion of CBF likely results 
from these duplications (Li et al., 2015). As reported in the previous work, CBF repeated 
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duplications are observed in E. grandis (Cao et al., 2015). Results from the present study show 
that duplication have also occurred in E. gunnii, which is very distinct for habitat and belong to 
different sections of Symphomyrtus sub-genus, compared to E. grandis. Duplicated genes can 
be conserved, associated with sub-functionalization (retaining part of the function of its 
ancestors) and/or neo-functionalization (acquiring a new function), or become loss of gene 
function (Duarte et al., 2006). In contrast, the number of DREB2 genes is limited and similar 
between Eucalyptus and many other species, suggesting that the DREB2 existed prior to the 
divergence of plant species. 
The CBF group exhibits special features in evolution process between E. grandis and E. 
gunnii. At least one additional copy of EgrCBF2 ortholog was isolated in E. gunnii. In 
addition, putative allelic forms of EguCBF genes were also identified in E. gunnii, but not in E. 
grandis. This suggests that the CBF group may have undergone a more important expansion in 
E. gunnii than in E. grandis. Our results also indicate that CBF duplicated copies were retained 
in Eucalyptus species and the difference at regulatory level shows a sub-functionalization 
typical of tandem duplicated genes. 
Functionality of CBF and DREB2 proteins was confirmed in a transactivation assay. 
EguCBF6 and 14 (EguCBF1a and 1b) proteins can activate via the core DRE/CRT sequence 
A/GCCGAC, like CBF from Arabidopsis. In contrast, EguDREB2-5 is different from 
AtDREB2A when it can bind both ACCGAC and GCCGAC. In addition, post-translational 
regulation may be not required for activation of DREB2-5, although PEST motif in negative 
regulatory domain is predicted in this protein. In Vitis, VrDREB2-3 containing PEST motif 
also activate via binding to core DRE/CRT sequences in non-stressed condition (Carlow and 
Nassuth, unpublished data). This suggests that DREB2 genes in perennial trees may be 
different from DREB2 in Arabidopsis in the regulation of downstream genes. 
Post-translational regulation has been reported for DREB2 but not for CBF genes in 
Arabidopsis. Based on the predictions on the protein sequence, a similar regulatory mechanism 
for DREB2 in Eucalyptus is proposed. The difference in regulatory mechanism of DREB2 
genes was observed in several species, even though they have a similar function. In 
Arabidopsis, DREB2A are regulated through protein stability (Mirimoto et al., 2013), when 
PgDREB2A is regulated by phosphorylation (Agarwal et al., 2007). For one Eucalyptus gene, 
alternative splicing of DREB2 is also required under temperature stresses as described in wheat 
(Egawa et al., 2006), or in rice (Matsukura et al., 2010). In Eucalyptus, RNA processing was 
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required in Egu/EgrDREB2.3, although the expression of the two transcripts was not distinct in 
the tested conditions.  
Overall, Eucalyptus CBF and DREB2 groups share some regulatory trends with their 
orthologs in Arabidopsis. With regard to transcriptional regulation, most of the CBF genes are 
mainly cold responsive, when the DREB2 genes are mainly drought- or heat-inducible. In 
Eucalyptus, Egu/EgrCBF2-14 genes are specialized in the cold response like AtCBF1-3, while 
Egu/EgrCBF1, 15-17 genes are heat and drought responsive like AtCBF4 and DDF1-2 (Lata et 
al., 2011). The strong CBF cold response is likely to result from activation by ICE and CAMTA 
genes. Due to higher CBF gene number and strong regulation, the transcript amount under cold 
is higher for CBF than DREB2.  
Actually, adaptive strategy to face abiotic stresses may be different between E. grandis 
and E. gunnii. When the expression of strict orthologs was compared between the two species, 
no difference in favor of E. gunnii is observed under stress. Transcript amount is higher in 
some E. grandis genes and induction level is always higher for this species. This indicates that 
EgrCBF genes are strongly responsive to stress in the time course used in this study. However, 
measurements of expression level for group of genes shows that both CBF1-14 and CBF2 
groups exhibit higher transcript level under cold in E. gunnii. In addition, EguCBF genes 
always have a significantly higher expression level in standard condition than EgrCBF genes. 
In contrast, EgrCBF genes prove to be more reactive to stress signals. This stronger and more 
permanent expression together with CBF gene additional copies might be two keys of E. 
gunnii adaptation to cold condition. Strong regulation of CBF genes up to several days under 
cold stress have been previously reported in E. gunnii (Navarro et al., 2009). Anyway, some 
regulation features are already suggested with regard to tolerance, like a higher basal level or 
more durable induction of CBF genes. 
With regard to water deficit, E. gunnii was found to be more drought tolerant than E. 
grandis evaluated through membrane injury level. This better drought tolerance of E. gunnii 
compared to E. grandis may be associated to the transcript level of CAMTA1 and CAMTA2 
which are more expressed in E. gunnii than in E. grandis leaves under drought stress. In the 
downstream steps of the pathway, higher expression of CBF and cell protection encoding 
genes, like DHN1, 9 and GolS11 in E. gunnii may contribute to drought tolerance in this 
species. 
Our results on Eucalyptus CBF genes show that, like in other plant species, these 
factors control the stress responsive genes but also genes involved in plant growth and SCW 
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formation. The up-regulation of these genes in transgenic lines suggests the involvement of 
CBF genes in the regulation of these pathways. CBF may be involved in wax production and 
cutin composition through controlling the expression of SHN1 gene which is known to enhance 
drought tolerance through regulating genes encoding cutin pathway enzymes and genes 
associated with wax biosynthesis (Kannangara et al., 2007). The epicuticular wax deposition in 
transgenic Eucalyptus overexpressing an endogenous CBF1a gene observed (Navarro et al., 
2011) supports this hypothesis. Besides, SHN may also be involved in the regulation of lignin 
synthesis (Ambavaram et al., 2011). CBF gene may also indirectly control lignin content by 
regulating KNOX gene, since KNOX-BELL protein cofactors inhibit the expression of lignin 
biosynthetic genes such as COMT1 and CCoAOMT (Hay and Tsiantis, 2010). However, our 
results show that at least, COMT57 and CCoAOMT15 are up-regulated in leaves and primary 
stems of transgenic lines, respectively, suggesting they may not be regulated by KNOX-BELL. 
Most of the genes directly related to lignin synthesis are up-regulated in the three tested 
organs of transgenic lines and contain the predicted DRE/CRT cis-element in the promoter. 
This suggests that they may be CBF direct targets. It is known that modification in lignin 
content as well as composition is associated with cold stress (Moura et al., 2010; Ployet, 
unpublished data). An increase in lignin synthesis under cold acclimation leads to cell wall 
modification by strengthening it, therefore protecting cell from freezing damage and cell 
collapse (Gall et al., 2015).  
CBF genes may control SCW formation through directly or indirectly controlling the 
expression of NAC and MYB genes. ANAC010/SND3 (EgrNAC47 ortholog) is involved in 
SCW thickening in xylem elements and inter-fascicular fibers. Dominant repression or loss of 
function of this gene causes dramatic reduction in the secondary wall thickening of the fibers 
(Zhong et al., 2008). SND3 seems to function downstream of VND1 to VND5 which activate 
the secondary wall biosynthetic program via the same transcriptional network as SND1 (Zhou 
et al., 2014). Our results show that in particular EgrNAC47 and EgrMYB64 are up-regulated in 
primary stems, in addition, EgrNAC47 is also up-regulated in xylem of B line, suggesting they 
may be under CBF control and its function may be also involved in SCW thickening in xylem. 
These genes are, therefore, good candidates for regulation of wood formation under stress 
through CBF pathway.  
In a parallel study within the team, over-expression of EgrMYB64 in Eucalyptus roots 
was found to result in a reduction of lignin content, but no significant difference in cell wall 
thickness between control and overexpression lines was observed (Ployet et al., unpublished 
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data). This suggests that EgrMYB64 is related to wood formation in Eucalyptus, even though 
EgrMYB64 putative target genes involved in lignin biosynthesis are not identified yet.   
Conclusions 
In this study, a number of genes involved in the three subsequent steps of abiotic stress 
response pathway have been characterized in two species of Eucalyptus. Upstream, one ICE 
and four CAMTA genes have been identified in E. gunnii. The number of ICE and CAMTA 
genes in Eucalyptus is less than that in Arabidopsis. Both ICE and CAMTA were constitutively 
expressed and induced by abiotic stress. The study was mainly dedicated to further 
characterization of CBF and DREB2 groups. For the first time, EguCBF6, 14 and EguDREB2-
5 have been proved to bind to the core DRE/CRT cis-element sequences in standard condition. 
Hence, these genes may regulate the expression of downstream genes via binding to DRE/CRT 
cis-element in their promoter. 
Numerous DREB1/CBF and DREB2 genes have been identified for the first time in a 
draft of the whole genome sequence of E. gunnii. Although it is not yet possible to definitely 
conclude about EguCBF copy number, at least one additional copy was evidenced compared to 
E. grandis genome. 
Comparison of expression of CBF and DREB2 including all the paralogs in leaves, 
stems and roots under cold, heat and drought conditions in whole plants was conducted for the 
first time. The expression analysis allowed identifying two clusters of CBF genes with distinct 
regulation profiles according to the stimulus. Among the unexpected results, the broad 
expression for CBF and DREB2 in all the organs suggests a role of these transcription factors 
at the whole plant level. They may act in controlling the cell protection and/or the growth 
under stress in this woody plant.  
The differential expression levels of CBF and DREB2 in three tested organs under 
abiotic stresses between the contrasted Eucalyptus species showed that they may be involved 
in their distinct tolerance to cold, heat and drought. These transcription factors may provide 
both efficiency and plasticity to the Eucalyptus response to environment stresses. Higher cold 
and drought tolerance in E. gunnii may be in part related to higher CBF transcript amounts in 
standard and stressful conditions.  
In addition, some genes potentially involved in higher tolerance are highlighted through 
this comprehensive analysis. Several DREB regulators and target genes have an expression 
feature in agreement with tolerance:  EguCBF_A and LL for permanent protection (mainly in 
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stems), EguCBF_B-V and E for cold tolerance (mainly in stems), EguCBF_B-V, E and P-Q for 
drought tolerance (mainly in roots), EgrCBF3, 7 and 16 for heat tolerance (mainly in roots). 
For DREB2 group, DREB2-2 and 4 are likely to be involved in the permanent protection and 
cold tolerance, DREB2-4 in drought tolerance, and DREB2-1 and 5 in heat tolerance. For target 
genes, GolS5 is associated to permanent protection, DHN3 to cold tolerance, ELIP to heat 
tolerance and GolS11 to drought tolerance. 
Thanks to the comparison of the two contrasted Eucalyptus species, this study 
contributes to shed a new light in the dual role of CBF in the control of tolerance and plant 
growth. It suggested that beyond growth, Eucalyptus CBF may control SCW formation and 
intermediate transcription factors in this process can be proposed for further functional study. 
More generally, this study ends up by suggesting a new aspect of CBF role in the special 
adaptive features of Eucalyptus with regard to evergreen and ever-growing trends. The 
outstanding expansion of CBF gene group in Eucalyptus, even higher in more stress resistant 
but less productive species might be an element of the trade-off between these traits in 
Eucalyptus genus. In this hypothetical model, the high number of CBF genes could be a way of 
triggering a wide, quick and strong response to abiotic stresses for activating protections at the 
tissue and cell levels. It would compensate the permanent exposure of the whole plant to 
challenging environment. The Eucalyptus species adapted for different climatic conditions 
would then differ by the specificity in CBF stress responses and the relative levels of CBF 
gene basal expression and stress induction, and consequently the growth rate. The more 
permanent the protection against stresses is, the more reduced the productivity of Eucalyptus 
would be. Hypothetic model of DREB pathway in Eucalyptus is presented in Figure 3.30. 
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Figure 3.30: Hypothetic model of DREB pathway in Eucalyptus. Cold induces ICE, while CAMTA1, 2 
respond to drought. All CBF and DREB2 are cold responsive, but CBF2-14 are much more expressed than 
DREB2 under cold condition. CBF1, 15-17 and DREB2 are also induced by heat and drought. CBF6 & 14 
belonging to group CBF2-14, CBF1 and DREB2-5 bind to both A and GCCGAC cis-element. These 
DRE/CRT elements are present on the promoter of genes related to stress tolerance, plant growth and wood 
formation. CBF may control the expression of 30 target genes under abiotic stresses. Dashed arrows mean no 
information. Thick, solid arrows mean higher level. Genes in red colour are good candidates for further 
studies in their functions. Genes in green (MYB1, 88) may be indirectly controlled by Eucalyptus CBF genes. 
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  Appendix 2.1: List of oligonucleotide sequences used in Fluidigm RT-qPCR  
EgrCBF gene Accession  Forward Primer Reverse Primer Amplicon size (pb) Accession EguCBF gene 
CBF1 Eucgr.A02818 AACCACTTCTTCTCTTCTTACTCCGA AGGAGGACGACGCTTCAGC 70 KX290496 EguCBF_A   
CBF2 Eucgr.A02820 GTGGAGTCCGAGTCCGAGGAC TCCTCGTCGTCGTACAGCATTC 83 
KX290497 
KX290507 
KX290508 
EguCBF_C   
EguCBF_R  
EguCBF_V   
CBF3 Eucgr.A02821 GTGGAATCTAAGGACGTAATTGGG AAGTTCCCGTCGCCCTCTC 110 KX290498 EguCBF_D   
CBF4 Eucgr.A02822 AAGGAAGTGCAGCTCGCGTC GTCTCCCGGAACTTCTTCCTC 65 KX290499 EguCBF_E   
CBF5 Eucgr.A02823 GTTGCACGACGAGGACATCTTC CAAGTTCCCATTGTCCCCTCTG 121 KX290500 EguCBF_F   
CBF6 Eucgr.A02824 CCCTCATCAGTAAACACTCCTCACTTC GTACTCCTTCCGTCAGATGGCG 211   
CBF7 Eucgr.A02825 GCCTCACCAGTCACCACACTCATTAT GCTAAAGGAGTTGGGGTGGGAGAT 122 KX290501 EguCBF_H   
CBF8 Eucgr.A02826 CTCAACACCCCTTATCACTCAGTAAAC GAGTGAAGTGGATGATGAATGTGG 100   
CBF9 Eucgr.A02827 CCCTCACCACTCTCAGTATCTGCTTC AGTAGGTGGGGTGGGAGCGATA 110   
CBF10 Eucgr.A02830 CGTAAGCCATTTTTTTGGTGTGC CTATCCGCTTTATCGATGGCCC 90   
CBF11 Eucgr.A02831 ACCTCAACTTCGCGGACTCCGCAT TGCCCTCTGTATGTCCTTGGTGT 74 KX290504 EguCBF_L   
CBF12 Eucgr.A02832 GCGTGCCATTCAACAAAAAGC TTTCCTGACTGCTCTATCGGCG 77   
CBF13 Eucgr.A02833 TTGCTTCATTCCAACTCATGAACTC GGGATAGCAGCAACGAGAGAGG 93 KX290505 EguCBF_N   
CBF14 Eucgr.A02834 GTTTGGGACGACTTTGATGCCTTAC TGTCCGTTCAACTTTTATCCGCACT 69   
CBF15 Eucgr.D01925 AGGTTTCACATGAACTGGGAA ATATACAAATCCCCGAAATTGATT 151 KX290510 EguCBF_HH  
CBF16 Eucgr.E00529 GGCGTTCCTTTAAGCTGTGA GCTGCATAATTTGTATCGTCGTC 111 KX290511 EguCBF_JJ  
CBF17 Eucgr.E00530 TTCGTTTGAGCTGGGACTTCGAT GTCATTGTCGTTGTCGTCGTCAC 90 KX290512 EguCBF_LL  
DREB2_1 Eucgr.A02390 TGAAGAGTTTGCTTTGCCTTC ATGAAAACTATTCTCCCAGTGTCA 80 KX260352 EguDREB2-1        
DREB2_2 Eucgr.B02161 GAGGAGTACAGGAGGAGGAAGAA TCCTTACATCACCCCATCAAA 192 KX260353 EguDREB2-2        
DREB2_3.1 Eucgr.B03724 TGTTTTGTTCAGTGGGTACTGTTT TACCGGTCAAGCACCATGT 82 KX260354 EguDREB2-3.1      
DREB2_3.2 Eucgr.B03724 ATCTCAAGCAGGAGCCAGC TCGACAGTAGTCTTGTCAGAAACC 90 KX260354 EguDREB2-3.2        
DREB2_4 Eucgr.F01607 CCTTCGGGTCGTCAATACAT CGTCACCATGCATGCTTCTA 124 KX260355 EguDREB2-4        
DREB2_5 Eucgr.G03094 CTGAGTGACTATGCCGTGGA CCCCCGGCAAAAACTATCTA 139 KX260356 EguDREB2-5        
DREB2_6 Eucgr.K02952 TCCCTGGGAATTCGGCTTCTTC AATTTCTCCTGGCAGACGAATCGC 60 KX260357 EguDREB2-6        
CBF2/B-V   AGTGGAGTCCGAGTCCGAG TCCTCGTCGTCGTACAGCATTC 84   
CBF_Group-A   CCACGGCACTTGGGAACTTC GTGGTGTGAAGCGAGGAGT 53   
CBF_Group B   GCCTTTCTCGTTGCTGCTGTCCC CACCTCCTCCTCAGAGAAGTTCC 67   
CBF1-14   GAATCCGAGGACGTGATGTCG GGTGGAGACAAGAGCATCCC 134   
Reference gene primers 
PP2A3 Eucgr.B03031  CAGCGGCAAACAACTTGAAGCG  ATTATGTGCTGCATTGCCCAGTC  67    
IDH Eucgr.F02901  TGCTGTGGCAGCTGAACTCAAG ATGTTGTCCGCCAGTCACCTAC 70   
SAND Eucgr.B02502  TTGATCCACTTGCGGACAAGGC  TCACCCATTGACATACACGATTGC  63    
EF-1α Eucgr.B02473  ATGCGTCAGACTGTGGCTGTTG  ATGCGTCAGACTGTGGCTGTTG  74    
UBC2 Eucgr.E03515 ACTGCTCTTATCAAGGGACCATCG TGCTCAGGTATAGCAAAGGCAAGC 77 
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Appendix 2.2: Primers used for expression analysis of ICE and CAMTA genes under abiotic 
stresses in E. grandis and E. gunnii. 
Gene name Accession Forward primer Reverse primer Amplicon (bp) 
ICE Eucgr.G01938 GGAGGAAGAAGCTGAATGATAGGCTG GCTCCTTCAAGTAGTCAATAGCATCCC 111 
CAMTA1 Eucgr.I02662 GTCCTTCTTTCGCTTGACGCTAC CGGTTCAAGATAGCTGGTTAACATACAC 156 
CAMTA2 Eucgr.I02632 GATGGTCATCGCTGGAGGAAGAA CGTAGTAGCAATGCAAAACATCCACAC 100 
CAMTA3 Eucgr.H04783 GGATAGCTCTAGTCCTCAGGCATC AGTGTCAATATTTTGCATTCCAGCCTC 124 
CAMTA4 Eucgr.H04623 GCTTTAAGTCCTAGTCTGAGTCCCAG CCTTCCACCCCGTCCAAGTTAT 161 
 
Appendix 2.3: Primers used for isolation of EguCBF genes.  
Gene name Accession Forward primer Reverse primer Amplicon (bp) 
EguCBF-H KX290501 CGATCTCTGACCCTTTGACCT TTCAGACGGAATAGCTCCATAATGG 909 
EguCBF-X  CATTGTGAACTAAATCCCCCCC GAAATGGTCAGATGGAGTGGC 929 
EguCBF-C KX290497 TACCATCTATTGTCAACTTGTGG AGACAACACTGATGAGCAGAATC 893 
EguCBF-R KX290507 CTGATAAGCTGAACCTTTCACTCATG GATGGGTGCTTGCTGTAACG 547 
EguCBF-V KX290508 GATCTGCCCATTGATTTTCATGGATA TGGATGATTGAGGTTTCAGTGC 857 
CBF-D KX290498 
gDNA: CAACTCCCCTCATCCTAACTCTC 
cDNA:GACGTCCTCCTATGAACTTCTCTG 
TCAGATGAAATAGCTCCATAATGACGC 
TCAGATGAAATAGCTCCATAATGACGC 
666 
515 
CBF-JJ KX290511 GGTAACAGTTGATAGGGTCAAGG CTACCAAGAGGAGCAGATAAAGG 1261 
DREB2-3.1 KX260354 GCATGAAGGGGAAAGGAGG TTACCATCTGATCTTTAAGAAACCACG 413 
DREB2-3.2 KX260354 Ex1-2: GCATGAAGGGGAAAGGAGG 
Ex3 : GCATGAAGGGGAAAGGAGG 
Ex4: CCACCTCTGATACTACCTTCGATT 
CGACACAAATGGCAGATTTGG 
CTCCGCAGAGACTTCAACAG 
ACTGTGTTAGAACAGCAGAAATTCTTTC 
564 
773 
764 
 
Appendix 2.4: Primers used for isolation of the full-length coding region of EguCBF genes 
used for transactivation or transformation. 
Gene name Accession Primer name Primer sequence Amplicon 
(bp) 
CBF6  BamHI  + EguCBF6-Fw 
SacI + EguCBF6-Rv 
GGCGGATCCAAGGAGATATAACAATGAACCCTTTCTCTTCTCATTCC 
GCGGAGCTCGTCAGATGGAATAGCTCCATAATGA 664 
CBF14  BamHI  + EguCBF14-Fw 
SacI + EguCBF14-Rv 
GGCGGATCCAAGGAGATATAACAATGAACTCTTCCTCTTATATCTCCC 
GGCGAGCTCTCACATGGAATAGCTCCATAATG 675 
DREB2-5 KX260356 BamHI  + EguD2-5-Fw 
SacI + EguD2-5-Rv 
GGAGGATCCAAGGAGATATAACAATGTCGCCGGAGATCGT 
GCGGAGCTCCTAATGCTCCATCTTGACATCTGA 762 
CAD2 X75480 CAD2-Goldengate-Fw 
CAD2-Goldengate-Rv  
AAAAGGTCTCTAAATTTCTCCATCACTTAATTTGTCC 
AAAAGGTCTCATTTGTTTTGCTCAAAGATCCAAGC 486 
SHN1  SHN1A-Goldengate-Fw 
SHN1A-Goldengate-Rv  
AAAAGGTCTCTCAAAATGAAGACGGTTCAGTCG 
AAAAGGTCTCACGTACTAGAGAAAAAAACTATCCTCCTC 717 
NAC65  Nac65-Goldengate-Fw 
Nac65-Goldengate-Rv 
AAAAGGTCTCTCAAAATGGAGAGCACGGACTCAT 
AAAAGGTCTCACGTATTAGGCATACCAATTCAGTCCTG 1131 
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Appendix 2.5: Primers used for expression analysis of putative DREB target genes related 
to abiotic stress response in transgenic lines. DHN: Dehydrin, LEA: Late embryogenesis abundant, 
HSF : Heat shock factor, HSP: Heat shock protein, GolS: Galactinol synthase, RS: Raffinose synthase, β-
AMY: β-Amylase, MT: Metallothioneins. 
 
  
Family Gene tested Accession DRE LTRE Forward primer Reverse primer 
DHN 
EgrDHN-01 Eucgr.A02128 3 3 TGTGCTCGTGTGACATCCAAGG TGGCACAATAGGCACGACATGG 
EgrDHN-02  nd 5 8 CGGATCTCCCAAGGAGAAGAAGG AAAGGCGGTTCTCCCCTCAGT 
EgrDHN-03  nd 3 3 GGAGAAGGTAAAGGTGGAAGAGTG GCTATCAGATCGGTGGAGTTTCTC 
EgrDHN-06  Eucgr.F01726 1 2 ATCAGCAGCTCCAGCTCTCACAAG TCCAGGCAGTTTCTCCTTTCGC 
EgrDHN-07  Eucgr.F01727 3 3 AGGCCGACGAAGTCTATTCTCC TTGGGAGATCCGTCCTGGTATG 
EgrDHN-09  nd 1 1 GCAATGCCGCAAATGTTTCTG GCATCCACTATGGTATCGCTTATCTC 
EgrDHN-10  Eucgr.I02392 2 4 CGTTTCTTGGTCGTTGGTTGTC CCATTTCCTCACTTCCTCTCACAC 
EgrDHN-11  Eucgr.I02395 4 6 GCAGTATGGTGACTCTGACAGG ATCGTGTTGCCGAACTCGT 
LEA 
EgrLEA1-02 Eucgr.K01836 1 2 AAATGCAGCCCATGAAGAACGC GCCGTCATCTTCTCCATCTTCTC 
EgrLEA2-24 Eucgr.D02327 1 1 TCTCGTCGCGAAATTCCGATCC TCTCTCTCTCTCTCTCTGCTGCTG 
EgrLEA2-52 Eucgr.H00245 1 1 AATATGCTGCACCGTGCCACTC TCATGTGTCCACACACCCTCATAG 
EgrLEAlike-12  Eucgr.D00819 1 1 TCAACATCACGCTCCGGAACTC TCCGTCCAATGCATCGTAGTCG 
EgrLEAlike-14  Eucgr.D01804 1 1 ACGGTAAGGTCGAGTTGATGCTC CATGGTGCAATCCATGCTCGTG 
EgrLEAlike-15  Eucgr.D01805 1 1 ATTGCAAAGGGTCGTGCCAAGG TCGACATCACGTCAACCGTCAC 
EgrLEAlike-24  Eucgr.E00793 1 1 ACATCAACAAATGCGGTCCAATCC TGGGAAATCACACTCTCGCATCC 
EgrLEAlike-35  Eucgr.F00213 1 4 TTCGTGCTCGGGTTCTTCATCC TTGCTCGAAGGTGATGCTCCTC 
EgrLEAlike-40  Eucgr.F03133 1 1 AAGACCACAATCGCGAGCAACG TTCATGTCCGACGTCAGCTTCG 
EgrLEAlike-49  Eucgr.J00543 1 1 TGGCAAGGTTCAAAGCCGGATG TGCCGCAGACAACCTTAATCACC 
EgrLEAlike-52  Eucgr.J01845 1 2 AAGTTGCATCGATTGCCGTTCG CCTATGTCGACCTCAGCTTGCTTG 
EgrLEAlike-58  Eucgr.J02119 1 3 GAGAACGCCGGTTGAAATCACG TGATGCCGATCGTCCACTTCAC 
EgrLEAlike-66  Eucgr.K01313 1 2 ACGGTGACCATCTTGGGATTGTTC GACACAAGCACGCTCAAATCGC 
EgrLEAlike-67  Eucgr.K02330 1 1 AAGTGCCACGGCACCTTTAGTG GCAACGGAGAAGCTCGATGAAC 
EgrLEA3-03 Eucgr.H01105 1 1 GAAACAGCAGACAAAACCCCTCTT GAAGCAACTCCCTGCGAC 
EgrLEA3-06  Eucgr.K03492 1 1 TTTGCCAGGCGTGGGTATTC CGTCTGAACTCGCCATCTTCTC 
EgrLEA5-02  Eucgr.G03071 3 4 TCGCCGAGGGAAGGCAAAAAG TCACGAGCTGCCCTCTCTCCG 
EgrLEA5-05  Eucgr.J00195 1 1 TCAGGAGCACCTCGCTGAAGG CCTGATACCCTTCTTTCCCTATCTGC 
EgrLEA6-02  Eucgr.H02273 2 5 TAGTCCATTGCAGGGAGAAAGAGAG GATGATGCGCCTCTTGCTTCTC 
EgrLEA6-03  Eucgr.H02278 2 4 TCGTCAGGCAGTCCTCAAGTAG ACCACTAGCACTCTCTGTTCCAC 
HSF 
HsfB2 Eucgr.A02804 1 1 CCCTCCGGGATAGCTTAGTTAC CTAACCGCTAACGAACATTGG 
HsfA1D2 Eucgr.E00253 1 2 GAATGGGTCGATGCCTATAGAG CATAAGAAGATCATCCCAGAAGGTG 
HsfA2 Eucgr.C03056 2 6 GACGATCTGGGAGGAACTATTG AGGGTTCTCGACCAAATCCTC 
HsfA1B Eucgr.A02976 0 2 GTCTTCTGGGAACAGTTTCTTGC GATGCCAGTTTCATGAGAGGTC 
HsfA9 Eucgr.C03424 1 3 AGCTTTTGCCATAATTGGAGAG GTTTAATGGTTGGATTCCCTCTC 
HSP 
EgrHSP70-03 Eucgr.E03189 6 6 GGTTGAGGACATCTTGCGTAAGG CTCAAATCTGGCACGGTGGAC 
EgrHSP70-12  Eucgr.I02771 1 4 GAAGCAGGTGTCTTACAGGGT ATCTCCTCGGCAGCAAACTG 
EgrHSP70-13  Eucgr.J00023 2 2 CCACACGATCTTCCTTCCCAAA CGACGGATTGAGAGAGAAAACGC 
GolS 
EgrGolS-01  Eucgr.B01791 2 2 AGATGTTGGTCCAGAAGTGGCG CCGACAGAGATGCTATGAATGGC 
EgrGolS-05  Eucgr.H02584 1 3 GACACGTCCTTGGATCTGAGTGC GGTGCAGGAACATAGGAGATAGCG 
EgrGolS-10  Eucgr.L00240 1 2 CGATAAGGGTAAACTCCATCGCC CACCTCATATCTTTTCACCGAATCC 
EgrGolS-11  Eucgr.L00241 1 2 CCGCAATATGAAATCGGGTATTG CCGCGTTGAAGTAAAAAGGCG 
EgrGolS-12  Eucgr.L00243 1 1 ATAAGGGTAACCTCCGTCGCC GCACCTCATATCTTTTCACCTTATCC 
RS 
EgrRS-04  Eucgr.C04266 2 5 GCTCAAGTATGTGTATGTGTGGCA CGACAAGGACGGGTATTTCATCAG 
EgrRS-06  Eucgr.F01231 1 1 TCAGAGCTGTTCTTCAAGGGAACG TGTATCAACGGCAGGATCACCAC 
EgrRS-07  Eucgr.F03658 3 5 CACCCAATGGCGGAATATCATGG GCTGACCAGGTTTATCACTGACG 
EgrRS10 Eucgr.I01757 1 2 GGACGTCATTCAATTGCTGGAG TGCCTTTGAAATGCTTCCTCAC 
EgrRS-11  Eucgr.J02233 1 1 TGCTTCTCTTCAACCCGGTGAC AACTTGCTCGTGGCGACTTTGG 
β-AMY 
EgrbAMY1 Eucgr.A01734                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          1 1 AACTCGGTTGGGATTTGACAGTG CCACTGCTTTGGGATTTTTGAATGC 
EgrbAMY4 Eucgr.E00139 1 7 CAGATGGGACGACCTTTCCTTC TCTGAAGATGGTGGAGTAACGC 
EgrbAMY5 Eucgr.E00330 2 2 GTACATCATGTTGCCACTTGATACGG ACCATGCGTCCACCATCAC 
EgrbAMY8 Eucgr.H03767 1 1 GGTTATATGTGGGCTTGCCATTAGA CTTCAACACCAAGAAGTTTCAGTGC 
MT 
EgrMT1 Eucgr.B02368 1 1 CAAGATTGCCAGCAGCATCTAC ATCCTGAGACACATGCGAAAGAC 
EgrMT2 Eucgr.A01262 1 2 CCAAAAAGCCGACGAAAGTGG CGATGTGCATCTCGTGGGA 
Spiral Spiral2-4 Eucgr.D00655 1 1 TCTTCGGGTGGGGTAGATG GACCTTCCAATCTGAACTTTCC 
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Appendix 2.6: Primers used for expression analysis of transgenes (A) and that of putative 
DREB target genes (B) related to plant development and abiotic stress response in transgenic 
lines and under abiotic stress conditions. 
 
A) 
 
Gene name Forward primer Reverse primer Amplicon (bp) 
CBF1a GTACAAAAAAGCAGGCTATATGAACCC TGGCACTCCTTCCGTCAGAT 101 
CBF1b CCAGAGAGGACAACGGGAAC GAAAGCTGGGTAACATGGAATAGCTC 69 
 
 
B 
 
 
 
 
 
 
Family Gene tested Accession DRE LTRE Forward primer Reverse primer 
 Primers of genes involved in stress tolerance 
DHN 
EgrDHN-03  nd 3 3 GGAGAAGGTAAAGGTGGAAGAGTG GCTATCAGATCGGTGGAGTTTCTC 
EgrDHN-09  nd 1 1 GCAATGCCGCAAATGTTTCTG GCATCCACTATGGTATCGCTTATCTC 
LEA 
EgrLEA3-03 Eucgr.H01105 1 1 GAAACAGCAGACAAAACCCCTCTT GAAGCAACTCCCTGCGAC 
EgrLEAlike-66  Eucgr.K01313 1 2 ACGGTGACCATCTTGGGATTGTTC GACACAAGCACGCTCAAATCGC 
HSP 
EgrHSP70-13  Eucgr.J00023 2 2 CCACACGATCTTCCTTCCCAAA CGACGGATTGAGAGAGAAAACGC 
EguHSP81    CTTTTTGTTTGTTGGGGCAGC AGGAGGAATTACCACTATAAGAACCG 
Elip EgrElip-8 Eucgr.B01896 1 2 ACCATAGTCCTAGATTGGCTCCTC TGTGAAGTCGGTGCTAACCTTTG 
MT 
EgrMT2 Eucgr.A01262 1 2 CCAAAAAGCCGACGAAAGTGG CGATGTGCATCTCGTGGGA 
EgrMT3 Eucgr.F01127   CTGCTGACTTCGTGGAGACTG GCACTTGCACTTGCCATCATTC 
RS EgrRS10 Eucgr.I01757 1 2 GGACGTCATTCAATTGCTGGAG TGCCTTTGAAATGCTTCCTCAC 
GolS 
EgrGolS-05  Eucgr.H02584 1 3 GACACGTCCTTGGATCTGAGTGC GGTGCAGGAACATAGGAGATAGCG 
EgrGolS-11  Eucgr.L00241 1 2 CCGCAATATGAAATCGGGTATTG CCGCGTTGAAGTAAAAAGGCG 
Spiral 
Spiral-1 Eucgr.J01387 1 1 GTCAGAGTTCTTTGGGCTACC GCATTTTCTGAGGAGCTCAC 
Spiral2-4 Eucgr.D00655 1 1 TCTTCGGGTGGGGTAGATG GACCTTCCAATCTGAACTTTCC 
 Primers of genes involved in plant development 
COBRA COBRA4 Eucgr.F03435 1 1 CGGCTCCAGAATGATGGGTATAAG ACAAGCATTGCGTTCGTACCAC 
GRAS 
SCR6 Eucgr.K01320 1 3 GAGAGGGTCCACATCATCGAC CGACGCTAGGATGTGGAACAG 
DELLA1 Eucgr.C04156 1 2 ACTCCATCATGCAGCTCCACAG TCCGCCACGGTCATTATCTTCG 
AP2 SHN1 Eucgr.C01178 2 2 CATCCTCTGTTGAAGAGAAGGGTGTG GAGATGTCGGGAAGTTGGTCTTTGC 
KNOX KNOX3-6 Eucgr.H03292 1 1 TGTGGCTGGATCCCAAAGG ACGGCGATACAAGATCCAGTCG 
164 
 
 
 
Appendix 2.7: Empty pBI101_DsRed vector map 
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Appendix 2.8: Map of pBI101_DsRed destination vector used for EguSHN1 overexpression. A) 
Schematic representation of the EguCAD2 full length and short promoter, (+1) transcription start 
site. B) The interested sequence is controlled by EguCAD2 promoter. DsRed and kanamycin 
resistant genes is located between the left and the right border. 
 
 
 
 
 
B) 
 
-2500 -940 -340   
ATG 
EguCAD2 short promoter 
A) 
SHN1 
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Appendix 2.9: Composition of M medium (Multiplication) used for culture of E. urophylla x E. 
grandis (201 clone). 
Macroelements (mg.L
1
)  FEREDTA (mg.L
1
)  
     CaCl2.2H2O 440      FeSO4. 7H2O 27.85 
     KH2PO4 170      Na2EDTA (C10H14N2O8Na2.H2O) 37.25 
     KNO3 1900 Vitamines (mg.L
1
)  
     MgSO4. 7H2O 370      Nicotinic acid 5 
     NH4NO3 1650      Thiamine HCl 10 
Oligoelements (mg.L
1
)       Pyridoxine HCl 1.2 
     CoCl2. 6H2O 0.025      Myoinositol 200 
     CuSO4. 5H2O 0.025 Saccharose (g.L
1
) 30 
     H3BO3 6.2 Agar (g.L
1
) 7 
     KI 0.83 Hormone (µM)  
     MnSO4. H2O 16.9      NAA
*
 0.5 
     Na2MoO4. 2H2O 0.25      BAP
*
 1 
     ZnSO4. 7H2O 8.6 pH 5.6 
* Added after sterilization 
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Appendix 2.10: Media used for the transformation of E. urophylla x E. grandis (Tournier et al., 
2003). 
  BIPA A2A BITAugK C 
Macroelements (mg.L
1
)  
 CaCl2.2H2O 440 440 441.9 440 
 KH2PO4 170 170 170 170 
 KNO3   1900  1900 
 MgSO4. 7H2O 370 370 370 370 
 NH4NO3 2344 1650 391.8 2344 
 KCl 1401    
 (NH4)2SO4   323.3  
Oligoelements (mg.L
1
)     
 CoCl2. 6H2O 0.025 0.025  0.025 
 CuSO4. 5H2O 0.025 0.025 0.25 0.025 
 H3BO3 6.2 6.2 6.2 6.2 
 KI 0.83 0.83  0.83 
 MnSO4. H2O 16.9 16.9 16.9 16.9 
 Na2MoO4. 2H2O 0.25 0.25 0.25 0.25 
 ZnSO4. 7H2O 8.6 8.6 8.6 8.6 
K2SO4 (mg.L
1
) 990  990  
Arginine (mg.L
1
)*   59.23  
FeSO4. 7H2O (mg.L
1
) 27.85 27.85 27.85 27.85 
Na2EDTA (mg.L
1
) 37.25 37.25 37.25 37.25 
Vitamines (mg.L
1
)     
 Nicotinic acid 5 5 5 3 
 Thiamine HCl 10  10 3 
 Pyridoxine HCl 1.2  1.2 3 
 Myoinositol 200 200 200 200 
 Calcium pentothenate    3 
Saccharose (g.L
1
) 30 30 30 20 
Coconut water (%)   10  
Agar (g.L
1
) 6 7 6  
Hormone (µM) 
 
    
 NAA
*
  2 0.1  
 BAP
*
 1 1   
 2.4D
*
 0.5    
 TDZ
*
   3  
Putrescine (µM)*   500  
Spermidine (µM)*   100  
Acetosyringone (µM)* 50 50   
Augmentin (mg.L
1
)*   300  
Kanamycine (mg.L
1
)*   50  
pH 5.6 5.6 5.6 5.7 
* Added after sterilization 
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Appendix 2.11: MYA medium (Agrobacteria culture medium) (Tournier et al., 2003). 
Manitol (g.L
1
) 8 
NaCl (g.L
1
) 5 
Casaminoacid (g.L
1
) 0.5 
Yeast extract (g.L
1
) 5 
(NH4)2SO4 (g.L
1
) 2 
pH 6.6 
 
Appendix 2.12: Antioxidant solution. 
Ascorbic acid (g.L
1
) 0.25 
Citric acid (g.L
1
) 0.025 
PVP40 (g.L
1
) 1 
pH 5 
 
Appendix 2.13: SDM medium (Tournier et al., 2003). 
 
Macroelements (mg.L
1
)  Vitamines (mg.L
1
)  
     CaCl2.2H2O 441.9      Nicotinic acid 5 
     KH2PO4 170      ThiamineHCl 10 
     MgSO4. 7H2O 370      PyridoxineHCl 1.2 
     NH4NO3 391.8      Myoinositol 200 
     (NH4)2SO4 323.3   
Oligoelements (mg.L
1
)  K2SO4 (mg.L
1
) 990 
     CuSO4. 5H2O 0.25 Saccharose (g.L
1
) 30 
     H3BO3 6.2 Agar (g.L
1
) 6 
     MnSO4. H2O 16.9 Hormones (µM)  
     Na2MoO4. 2H2O 0.25      BAP
*
 2 
     ZnSO4. 7H2O 8.6      NAA
*
 0.5 
FEREDTA (mg.L
1
)  Putrescine (µM)* 100 
     FeSO4. 7H2O 27.85 Spermidine (µM)* 10 
     Na2EDTA 37.25 pH 5.6 
* Added after sterilization 
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Appendix 3.1A: Alignment of CAMTA proteins from E. grandis, E. gunnii and A. thaliana. Conserved domains and motifs such as 
CG-1, TIG, Ankyrin, IQ motifs and CaMB are indicated. 
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Appendix 3.1B: Schematic representation of functional domains of EgrCAMTA proteins. CG1 
and TIG domains; ANK repeat, IQ motifs and CaMB domain are indicated in different colors. 
 
 
 
 
 
 
Appendix 3.1C: Annotation of four CAMTA genes in E. grandis. 
 
 
  
Name 
Accession 
Number 
Length (aa) Scaffold Localization 
Intron 
number 
EgrCAMTA1 Eucgr.I02662 1056 9 37692860..37703317 12 
EgrCAMTA2 Eucgr.I02632 993 9 37470801..37480772 11 
EgrCAMTA3 Eucgr.H04783 1047 8 66783761..66800150 12 
EgrCAMTA4 Eucgr.H04623 991 8 64924915..64937341 12 
CG-1 TIG ANK   
IQ 
 
CaMB 
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Appendix 3.2: Comparison of AP2 domains of CBF and DREB2 proteins from E. grandis, E. 
gunnii and A thaliana. The 14th valine (V) and 19th glutamate (E), indicated in gray, are 
conserved in the binding domain of all CBF and DREB2 proteins. Elements YRG, WLG 
(indicated at the top of corresponding amino acids) were also highly conserved among 
CBF/DREB2. The RAHD in light blue and AYD in blue are characteristic respectively of CBF 
and DREB2 from both Eucalyptus and Arabidopsis. 
 
 V 
14 
E 
19 
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Appendix 3.3: Conserved motifs of 37 putative EguDREB proteins identified using MEME 
program. A: Sequence logos for three identified motifs: motif 1 is AP2 domain in red, motif 3 
and 2 contain signatures before and after AP2 domain, respectively. B: Distribution of the 
identified motifs in 37 EguDREB proteins. 
Motif 1 Motif 2 
Motif 3 
A
Z 
B
Z 
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Appendix 3.4: Comparison of Cterminal domains of CBF and DREB2 from E. grandis, E. gunnii and A. thaliana. Protein sequence alignment of 
Cterminal region of CBF proteins in E. grandis, E. gunnii and A. thaliana. Hydrophobic clusters (HC16) are pointed at the top of corresponding 
amino acids. Incomplete sequence is indicated as *. 
 
 
* 
 
  
   
HC1 HC2 HC3 HC4 HC5 HC6 
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Appendix 3.5: Phylogenetic tree of full length CBF protein sequences from E. grandis and E. 
gunnii. This tree was built with Maximum Likelihood method. Bootstrap values are presented for 
all branches.
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Appendix 3.6: Phosphorylation sites of CBF/DREB1 and DREB2 proteins in E. grandis and E. gunnii. 
Protein Phosphorylation sites S (position) T (position) Y (position) 
EgrCBF1/  
EguCBFA 
12 (11S+1Y) 
11 (10S+1Y) 
7; 12; 26; 29; 41; 76; 77; 158; 165; 171; 173 
7; 26; 29; 41; 76; 77; 161; 163; 169; 171 
 
167; 221 
218 
EgrCBF2/ EguCBFB/C 
EguCBFR 
EguCBFS  
EguCBFT 
EguCBFU 
EguCBFV 
10 (8S+1T+1Y)/ 9 (7S+1T+1Y) 
11 (8S + 1T+ 2Y) 
10 (8S + 1T+ 1Y) 
10 (8S + 1T+ 1Y) 
9 (8S + 1Y) 
10 (8S + 1T+ 1Y) 
8; 16; 44; 58; 125; 132; 138; 140 
8; 16; 44; 58; 125; 132; 138; 140 
16; 44; 58; 86; 125; 132; 138; 140 
8; 16; 44; 58; 125; 132; 138; 140 
16; 44; 58; 86; 125; 132; 138; 140 
16; 44; 58; 86; 125; 132; 138; 140 
31 
31 
31 
31 
 
31 
188 
134; 188 
188 
188 
188 
188 
EgrCBF3 3 (2S+1T) 26; 40 82 
 EgrCBF4/ EguCBFE 7 (5S+1T+1Y) 40; 54; 126; 134; 139 27 171 
EgrCBF5/ ?? 9 (8S+1T) 21; 54; 116; 117; 120; 131; 144; 145 128 0 
EgrCBF6/ 
EguCBFG 
EguCBFI 
10 (9S+1T) 
12 (10S + 2T) 
9 (8S+1T) 
6; 8; 22; 34; 70; 84; 148; 156; 164 
5; 6; 8; 22;34;70; 84;148; 156; 164 
6; 8; 22; 34; 70; 84; 156; 164 
57 
57; 80 
57 
 EgrCBF7/ 
EguCBFH 
EguCBFX 
10 (8S+1T+1Y) 
9 (7S+1T+1Y) 
9 (7S + 1T+ 1Y) 
8; 12; 38; 46; 74; 88; 160; 168 
8; 12; 38; 46; 74; 88; 168 
8;12; 38; 46; 74; 160; 168 
61 
61 
61 
6 
6 
EgrCBF8/ 
EguCBFK, I 
9 (8S+1T) 
9 (8S+1T) 
6; 8; 22; 34; 70; 84; 156; 164 
6; 8; 22; 34; 70,148; 156; 164 
57 
57 
 EgrCBF9/ ?? 11 (9S+1T+1Y) 5; 8; 12; 27; 38; 74; 88; 160; 168 61 205 
EgrCBF10/ EguCBFI 7 (6S+1T)/ 9 (8S+1T) 12; 22; 24; 34; 70; 84; 156; 164 57; 83 
 EgrCBF11/ 
EguCBFL 
EguCBFJ 
12 (8S+1T+3Y) 
12 (8S + 1T + 3Y) 
10 (7S+2T+1Y) 
8; 12; 38; 46; 74; 88; 160; 168 
8; 12; 38; 73; 87; 115; 159; 167 
     12; 38; 46; 74; 88; 116; 168 
61 
110 
61; 111 
6; 174; 205 
6; 173; 204 
174 
EgrCBF12 
EguCBFM (partial seq) 
8 (7S+1T) 
3 (2S+1T) 
8; 22; 24; 34; 70; 84; 164   
 
57  
  
 EgrCBF13/ EguCBFN 11 (8S+1T+2Y) 8; 12; 38; 46; 74; 88; 160; 168 61 6; 205 
EgrCBF14/ EguCBFP 
EguCBFQ 
11 (8S+1T+2Y) 
10 (7S + 1T+ 2Y) 
8; 12; 38; 46; 74; 88; 160; 168 
8; 12; 27; 38; …. ; 88; 160; 167 
61 
61 
6; 205 
6 ; 204 
EgrCBF15 
EguCBFHH 
10 (9S+1Y) 
10 (9S+1T) 
22; 25; 31; 126; 166; 182; 197; 201; 202 
21; 24; 30; 125; 165; 181; 196; 200; 201 
 
170 
169 
177 
 
 
 
 
 
EgrCBF16 
EguCBFJJ 
16 (15S+1T)/ 15 (14S+1T) 
12 (11S + 1T) 
19; 21; 23; 25; 28; 30; 33; 40; 138; 165; 166; 197; 220; 236; 259 
19; 21; 23; ; 27; 29; 34; 41; 90; 139; 166; 167 
15 
15 
 EgrCBF17 
EguCBFLL   
EguCBFMM 
16 (15S+1T)/ 15 (14S+1T) 
13S 
10S 
21; 23; 25; 27; 30; 37; 86; 135; 162; 163; 194; 217; 233; 256; 267 
21; 23; 25; 27; 30; 37; 86; ….;  162; 163;     217; 233; 256; 267 
21; 23; 25; 27; 30; 37; 86; 135; 162; 163 242 
 EguCBFKK 13S 21; 23; 25; 29; 36; 43; 92; 141; 168; 169; 223; 239; 262   
EguCBFW 11 (10S + 1T) 5; 12; 27; 40; 48; 76; 90; 157; 164; 172 63  
EguCBFII 11 (10S+1Y) 100; 130; 133; 139; 234; 274; 290; 305; 309; 310  278 
EguCBFO 4S 39; 53; 125; 133   
EguCBFF 3S 54; 116; ….; 122…………..… 128/0 223; 228 
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   Appendix 3.7 : Phylogenetic tree of putative EguCBF promoter sequences (1000bp 
before ATG). This tree was built with Maximum Likelihood method. Bootstrap values 
are also presented on the branches. 
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Appendix 3.8: Comparison of conserved motifs (CMs) mapped on the promoters of CBF from E. grandis and E. gunnii. The analysis was 
performed on the 1500bp region before ATG by using MEME software. The results are available at 
http://www.polebio.lrsv.upstlse.fr/cgibin/gb2/gbrowse/eucaProm/?name=promoter%3A1..1501.  
motif M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 M13 M14 M15 M16 M17 M18 M19 M20
CBF1 1 1 1 1 1
CBFA 1 1 1 1
CBF2 1 1 1 1 1 1 1 1 1
CBFC 1 1 1 1 1 1 3 1 1
CBFR 1 1 1 1 1 1 3 1 1
CBFV 1 1 1 1 1 1 3 1 1
CBF3 2 1 1 2 1 1 1 1 1 1 1 1
CBFD 2 1 1 2 2 1 1 1 1 1 1 1
CBF4 2 1 1 3 1 1 1 1 1 1 1
CBFE 2 1 3 3 1 1 1 2 1 1 2 1
CBF5 2 1 1 1 3 2 1 1 1 2 1 1 1
CBFF 2 1 1 2 1 1 2 1
CBF6 2 1 1 1 3 2 1 1 2 1 1
CBFI 2 1 1 1 3 2 1 1 1 1 1 1
CBF8 1 1 1 1 3 2 1 1 2 1 1 1
CBFJ 1 1 1 1 3 1 1 1 2 1 1
CBF10 2 1 1 1 1 2 1
CBF12 1 1 1
CBF7 1 1 1 2 2 1 1 1 1 1 1 1 1 1
CBFL 1 1 1 2 1 1 1 1 1 2 1
CBFN 1 1 1 2 2 1 2 1 1 1 1 1 1 1
CBF9 1 1 1 2 2 1 1 1 1 1
CBF11 1 1 1 2 2 1 1 1 1 1 1 1
CBF14 1 1 1 1 2 1 1 2 1 1 2 1 1 1 1
CBFO 1 1 1 2 2 1 1 2 1 1 1 1 1 1 1
CBF13 1 1 2 2 1 1 2 1 1 2 1 1 1
CBFH 1 2 3 1 1 1 2 1 1 1
CBFW 1 1 1
CBF15 1
CBFHH 1
CBF16 1 1 1 1 1 1 2
CBFJJ 1 1 1 1 1 1 2
CBF17 1 1 3 1 1 1 2
CBFMM 1 1 3 1 1 1 2
CBFLL 1 1 1 1 1 1
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Appendix 3.9: Ciselements composition predicted on the CBF and DREB2 promoters from E. 
grandis and E. gunnii. The sequences corresponding to the CEs belonging to the 8 categories of 
stress responses are presented Table 3.3 in the main document. 
Factor name COLD-r HEAT-r ABRE MYB DRE WRKY Horm-S-r Light-r Total
EgrCBF1 12 7 5 6 1 6 38 19 94     
EguCBFA 11 7 4 5 1 6 37 21 92     
EgrCBF2 12 8 5 4 4 4 19 20 76     
EguCBFC 9 7 5 2 3 2 20 14 62     
EguCBFR 12 5 6 1 1 2 18 19 64     
EguCBFV 12 6 4 4 2 2 22 16 68     
EgrCBF3 10 7 6 2 2 1 35 25 88     
EguCBFD 15 7 7 2 2 3 28 19 83     
EgrCBF4 9 7 4 1 1 7 25 22 76     
EguCBFE 11 8 4 1 2 6 27 20 79     
EgrCBF5 11 6 5 1 2 9 31 16 81     
EguCBFF 7 5 5 0 2 8 14 12 53     
EgrCBF6 9 9 5 2 4 2 27 19 77     
EguCBFI 10 9 7 1 4 2 28 17 78     
EgrCBF8 10 10 5 2 3 3 25 18 76     
EgrCBF7 11 9 5 2 2 6 14 21 70     
EguCBFH 9 11 2 4 3 7 12 17 65     
EgrCBF11 10 11 3 2 5 6 19 20 76     
EguCBFL 9 9 5 1 3 6 21 17 71     
EgrCBF13 9 10 2 0 6 7 20 17 71     
EguCBFN 12 7 4 1 2 6 28 22 82     
EgrCBF14 10 14 5 0 3 7 21 18 78     
EguCBFO 11 10 5 0 2 3 30 19 80     
EgrCBF15 10 5 6 4 7 3 33 20 88     
EguCBFHH 15 6 4 4 7 3 29 19 87     
EgrCBF16 6 9 8 6 3 7 18 18 75     
EguCBFJJ 8 8 8 8 4 8 24 25 93     
EgrCBF17 8 9 8 7 5 7 19 21 84     
EguCBFLL 10 13 11 7 4 7 32 27 111  
EguCBFMM 8 13 9 5 3 7 26 22 93     
EgrDREB2-1 11 2 4 6 4 11 28 23 89     
EguDREB2-1 11 2 2 6 5 10 29 23 88     
EgrDREB2-2 9 8 8 6 2 11 31 17 92     
EguDREB2-2 7 7 7 4 2 11 26 17 81     
EgrDREB2-4 6 5 6 6 3 4 42 17 89     
EguDREB2-4 4 4 4 6 2 5 37 16 78     
EgrDREB2-5 11 5 4 4 3 3 27 26 83     
EguDREB2-5 12 6 3 4 3 3 31 27 89     
EgrDREB2-6 5 8 4 3 2 7 26 21 76     
EguDREB2-6 5 9 5 3 2 6 26 24 80     
181 
 
 
 
Appendix 3.10: Induction rate of CBF and DREB2 genes in E. grandis leaves (L), stems (S) and 
roots (R) under abiotic stresses. The bar charts exhibit the induction rate of 17 EgrCBF genes 
(C1C17) and six EgrDREB2 (D21 – D26) under cold (4°C) (A), heat (38°C) (B) and drought (C) 
conditions. The induction rate values correspond to the ratio of the value of the maximum 
induction (one of the 3 time points) with the control value of each organ.  
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Appendix 3.11: Highest relative expression level of CBF and DREB2 genes in leaves (L), stems (S) and roots (R) under cold (C) at 4 °C, heat 
(H) at 38°C and drought treatment in both E. gunnii and E. grandis. 
 
 
Name L_control L_C L_H L_D S_control S_C S_H S_D R_control R_C R_H R_D 
EgrCBF1 0.03 ± 0.01 5.26 ± 0.07 0.40 ± 0.17 5.77 ± 1.29 0.04 ± 0.01 3.87 ± 1.82 0.78 ± 0.15 2.50 ± 1.67 0.43 ± 0.01 1.08 ± 0.13 10.10 ± 2.69 3.60 ± 0.92 
EguCBF_A 0.04 ± 0.02 1.22 ± 0.2 0.49 ± 0.2 4.0 ± 1.5 0.62 ± 0.2 1.59 ± 0.03 0.23 ± 0.11 2.72 ± 0.12 1.06 ± 0.26 0.58 ± 0.13 8.50 ± 3.06 6.14± 1.29 
EgrCBF2 0.01 ± 0.00 73.70 ± 10.3 0.03 ± 0.01 1.54 ± 0.37 0.01 ± 0.00 11.01 ± 0.19 0.30 ± 0.05 0.72 ± 0.03 0.14 ± 0.01 1.62 ± 0.87 2.23 ± 0.95 2.61 ± 0.41 
EguCBF_BV 0.26 ± 0.05 60.45 ± 4.9 1.15 ± 0.28 0.87 ± 0.4 0.24 ± 0.1 84.21 ± 5.05 0.08 ± 0.02 1.86 ± 0.6 0.66 ±0.2 23.88 ± 1.68 2.27 ± 0.59 8.21 ±5.2 
EgrCBF3 1.56 ± 0.11 214.19 ± 112 0.86 ± 0.2 1.78 ± 0.05 0.61 ± 0.14 21.09 ± 0.48 0.72 ± 0.07 0.65 ± 0.06 0.77 ± 0.09 18.43 ± 0.25 7.65 ± 2.51 5.34 ± 0.65 
EguCBF_D 0.52 ± 0.11 15.15 ± 7.3 0.91 ± 0.3 1.03 ± 0.08 0.32 ± 0.09 4.69 ± 0.22 1.53 ± 0.18 0.54 ± 0.1 0.13 ± 0.06 1.78 ± 0.02 0.23 ± 0.01 0.81 ±0.13 
EgrCBF4 0.02 ± 0.01 67.87 ± 7.64 0.09  ± 0.1 0.30 ± 0.03 0.01 ± 0.02 22.30 ± 5.63 0.27 ± 0.1 0.88 ± 0.03 0.20 ± 0.09 3.65 ± 0.48 0.33 ± 0.07 0.86 ± 0.39 
EguCBF_E 0.16 ±0.05 43.69 ±17.1 0.63 ± 0.3 1.48 ± 0.15 0.44 ± 0.01  89.16 ± 2.97 0.58 ± 0.1 2.37 ± 0.06 1.33 ± 0.73 28.07 ± 5.79 2.35 ± 0.04 3.50 ± 0.28 
EgrCBF5 0.21 ± 0.07 53.71 ± 12.4 0.12 ± 001 0.51 ± 0.22 0.08 ± 0.02 3.26 ± 0.99  0.18 ± 0.05 0.73 ± 0.26 0.57 ± 0.06 7.18 ± 1.47 1.47 ± 0.03 1.29 ± 0.01 
EguCBF_F 0.16 ± 0.05 75.87 ± 7.37 0.31 ± 0.12 0.84 ± 0.1 0.24 ± 0.09 4.32 ± 0.16 0.32 ± 0.12 0.85 ± 0.03 0.54 ± 0.2 14.89 ± 0.27 0.92 ± 0.4 0.38 ± 0.11 
EgrCBF7 1.59 ± 0.07 2175.58 ± 283 0.37 ± 0.15 0.80 ± 0.71 0.02 ± 0.00 618.48 ± 65 0.23 ± 0.05 3.21 ± 2.2 0.34 ± 0.04  22.10 ± 0.67 0.89 ± 0.13 0.44 ± 0.35 
EguCBF_H 0.13 ± 0.1 5.83 ± 0.73 0.30 ± 0.08 0.11 ± 0.005 0.14 ± 0.05 7.82 ± 0.8 0.15 ± 0.03 0.23 ± 0.14 0.02 ± 0.00 3.84 ± 0.00 0.19 ± 0.08 0.57 ± 0.02 
EgrCBF14 0.02 ± 0.00 38.36 ± 18 0.04 ± 0.04 0.15 ± 0.01 0.01 ± 0.00 55.35 ± 6.05 0.15 ± 0.03 0.76 ± 0.24 0.12 ± 0.07 16.07 ± 3.29 0.09 ± 0.01 0.25 ± 0.03 
EguCBF_PQ 0.13 ± 0.02 96.38 ± 22.7 0.25 ± 0.04 0.73 ± 0.23 0.28 ± 0.1 87.88 ± 6.23 0.50 ± 0.11 2.19 ± 0.05 0.19 ± 0.03 19.74 ± 5.6 0.83 ± 0.1 1.38 ± 0.09  
EgrCBF15 0.02 ± 0.01 1.86 ± 0.33 0.02 ± 0.005 4.99 ± 3.7  0.09 ± 0.007 5.16 ± 0.04 0.12 ± 0.02 3.76 ± 0.22 0.54 ± 0.09 3.38 ± 0.07 6.38 ± 0.26 32.75 ± 0.44 
EguCBF_HHII 0.09 ± 0.02 2.51 ± 1.14 0.30 ± 0.02 2.38 ± 0.92 0.30 ± 0.03 0.41 ± 0.05 0.05 ± 0.01 1.40 ± 0.16 1.66 ± 0.59 1.33 ± 0.21 16.59 ± 3.87 14.69 ± 1.46 
CBF16 0.32 ± 0.1 0.92 ± 0.03 0.80 ± 0.05 30.90 ± 6.9 0.45 ± 0.05 4.89 ± 0.82 1.27 ± 0.17 5.60 ± 1.32 1.13 ± 0.13 21.20 ± 1.04 7.11 ± 1.53 168.2 ± 4.67 
EguCBF_JJKK 0.22 ± 0.06 0.23 ± 0.04 0.42 ± 0.17 2.34 ± 0.23 0.32 ± 0.06 0.64 ± 0.08 1.39 ± 0.22 0.71 ± 0.33 0.09 ± 0.03 0.25 ± 0.17 0.35 ± 0.2 0.48 ± 0.15 
EgrCBF17 0.05 ± 0.01 0.90 ± 0.5 0.03 ± 0.01 5.93 ± 0.48 0.05 ± 0.02 2.57 ± 0.87 0.26 ± 0.06 12.49 ± 6.5 0.26 ± 0.08 2.44 ± 0.08 2.11 ± 0.06 20.07 ± 1.39 
EguCBF_LL 0.27 ± 0.05 0.97 ± 0.31 1.01 ± 0.18 24.51 ± 4.6 1.04 ± 0.34 0.44 ± 0.13 0.07 ± 0.04 12.43 ± 0.1 1.80 ± 0.54 0.38 ± 0.002 4.15 ± 2.9 18.09 ± 0.51 
EgrD21 1.67 ± 0.07 3.22 ± 0.46 4.51 ± 1.24 3.33 ± 2.2 0.49 ± 0.05 0.48 ± 0.12 1.96 ± 0.32 0.77 ± 0.06 2.25 ± 0.95 2.31 ± 0.94 1.38 ± 0.02 0.98 ± 0.16 
EguD21 1.03 ± 0.18 2.52 ± 1.0 2.68 ± 0.56 1.85 ± 0.6 0.49 ± 0.11 0.85 ± 0.34 1.44 ± 0.25 0.40 ± 0.00 0.34 ± 0.16 1.16 ± 0.07 0.68 ± 0.06 0.67 ± 0.3 
EgrD22 0.28 ± nd 0.17 ± 0.2 0.05 ± 0.00 35.19 ± 16 0.08 ± 0.01 0.09 ± 0.08 0.22 ± nd 21.80 ± 3.7 0.35 ± 0.2 nd 0.25 ± nd 3.95 ± 0.76 
EguD22 3.04 ± 0.76  10.31 ± 0.08 7.7 ± 0.1 15.07 ± 0.43 nd nd 1.81 ± 0.03 nd 0.10 ± 0.01 2.74 ± 0.00  1.19 ± 0.24 1.16 ± 1.0 
EgrD23.1 1.51 ± 0.12 1.54 ± 0.4 2.75 ± 0.04 2.16 ± 0.03 0.58 ± 0.09 0.38 ± 0.00 1.17 ± 0.03 0.81 ± 0.17 0.66 ± 0.09 1.96 ± 0.83 0.80 ± 0.24 1.59 ± 0.03 
EguD23.1 0.69 ± 0.04 2.67 ± 0.49 1.37 ± 0.44 3.80 ± 0.11 0.49 ± 0.1 1.40 ± 0.03 1.34 ± 0.35 1.43 ± 0.15 1.00 ± 0.3 2.03 ± 0.7 0.83 ± 0.28 1.48 ± 0.05 
EgrD23.2 2.38 ± 0.12 1.59 ± 0.3 0.76 ± 0.05 1.68 ± 0.49 1.26 ± 0.07 0.75 ± 0.07 0.86 ± 0.18 1.32 ± 0.47 1.06 ± 0.16 1.13 ± 0.49 0.78 ± 0.04 1.45 ± 0.12 
EguD23.2 1.45 ± 0.21 1.38 ± 0.27 1.10 ± 0.01 2.01 ± 0.17 0.74 ± 0.11 0.89 ± 0.22 1.05 ± 0.05 1.07 ± 0.21 1.58 ± 0.09 1.87 ± 0.51 1.26 ± 0.37 1.59 ± 0.12 
EgrD24 0.43 ± nd 7.31 ± 0.79 0.26 ± 0.02 1.57 ± 0.92 0.04 ± nd 0.31 ± 0.2 0.50 ± 0.2 1.06 ± 0.08  1.48 ± 0.12 1.29 ± 0.15 0.61 ± 0.7 1.17 ± 0.8 
EguD24 1.49 ± 0.11 31.58 ± 8.6 3.73 ± 1.01 17.78 ± 1.09 0.14 ± nd 0.51 ± 0.25 1.13 ± nd 2.88 ± 0.14 0.23 ± 0.01 4.51 ± 0.98 1.26 ± 1.0 1.14 ± nd 
EgrD25 0.99 ± 0.05 7.80 ± 1.8 5.01 ± 1.01 16.14 ± 2.45 0.30 ± 0.06 6.63 ± 0.91 2.89 ± 0.3 17.3 ± 2.33 2.54 ± 0.51 6.66 ± 1.53 14.53 ± 1.42 51.93 ± 8.01 
EguD25 0.03 ± 0.00 0.51 ± 0.03 2.05 ± 0.22 0.44 ± 0.09 0.04 ± 0.00 0.05 ± 0.00 0.27 ± 0.15 0.16 ± 0.03 0.09 ± 0.08 0.16 ± 0.07 2.27 ± 0.42 0.3 ± 0.11 
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Appendix 3.12: Highest induction rates of CBF and DREB2 genes in leaves (L), stems (S) and roots (R) under cold (4°C), heat (38°C) and 
drought treatment in both E. gunnii and E. grandis. 
 
Name L_Cold L_Heat L_Drought S_Cold S_Heat S_Drought R_Cold R_Heat R_Drought 
EgrCBF1 172.48 13.04 189.20 94.36 18.96 60.97 2.49 23.35 8.32 
EguCBF_A 32.48 13.04 106.46 2.55 0.37 4.36 0.55 8.05 5.81 
EgrCBF2 9124.30 3.33 190.69 755.38 20.59 49.59 11.32 15.56 18.18 
EguCBF_UV 230.07 4.37 3.32 344.0 0.31 7.61 36.11 3.43 12.42 
EgrCBF3 137.41 0.55 1.14 34.81 1.19 1.08 23.81 9.88 6.90 
EguCBF_D 29.13 1.75 1.98 14.75 4.82 1.71 13.40 1.76 6.13 
EgrCBF4 4445.92 5.85 19.55 1678.61 20.17 66.15 17.93 1.60 4.20 
EguCBF_E 271.78 3.9 9.18 204.37 1.34 5.43 21.03 1.76 2.62 
EgrCBF5 257.43 0.59 2.45 40.45 2.29 9.06 12.68 2.60 2.28 
EguCBF_F 470.48 1.91 5.24 18.20 1.33 3.56 27.74 1.71 0.70 
EgrCBF7 2606.48 0.44 0.96 34157.86 12.53 177.16 64.25 2.58 1.28 
EguCBF_H 44.09 2.30 0.85 57.06 1.10 1.68 221.36 10.93 32.71 
EgrCBF14 2522.23 2.58 10.11 8644.39 22.79 118.67 135.28 0.77 2.15 
EguCBF_PQ 747.86 1.94 5.63 309.46 1.76 7.71 101.57 4.27 7.08 
EgrCBF15 114.02 1.01 306.69 56.6 1.3 41.25 6.26 11.81 60.6 
EguCBF_HHII 28.02 3.31 26.64 1.33 0.16 4.60 0.80 9.97 8.83 
CBF16 2.91 2.52 97.77 10.96 2.84 12.54 18.7 6.27 148.41 
EguCBF_JJKK 1.05 1.91 10.69 2.01 4.42 2.27 2.92 4.7 5.64 
EgrCBF17 18.48 0.66 122.32 51.98 5.32 252.56 9.22 7.97 75.81 
EguCBF_LL 3.62 3.74 90.77 0.43 0.07 11.93 0.21 2.31 10.08 
EgrEgrD21 1.93 3.09 2.0 0.72 2.94 1.16 1.03 0.61 0.43 
EguD21 2.45 2.61 1.80 1.76 2.96 0.82 3.39 1.99 1.97 
EgrD22 0.62 0.19 127.30 1.02 2.60 262.26 0.00 0.72 11.22 
EguD22 3.39 2.53 4.96 nd nd nd 28.63 12.40 12.13 
EgrD23.1 1.02 1.82 1.43 0.66 2.02 1.41 2.94 1.21 2.39 
EguD23.1 3.78 1.99 5.5 2.86 2.73 2.92 2.03 0.82 1.47 
EgrD23.2 0.67 0.32 0.7 0.59 0.68 1.05 1.06 0.73 1.37 
EguD23.2 0.95 0.76 1.39 1.19 1.41 1.44 1.19 0.80 1.01 
EgrD24 16.97 0.61 3.64 7.02 11.46 24.33 0.87 0.41 0.79 
EguD24 21.20 2.50 11.93 3.51 7.80 19.86 19.93 5.58 5.04 
EgrD25 7.9 5.07 16.35 22.13 9.65 57.89 2.63 5.73 20.47 
EguD25 19.46 78.20 16.87 1.45 7.74 4.54 1.85 26.22 3.42 
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Appendix 3.13: Relative expression level of NAC genes in mature leaves (L), stems (S) and roots (R) under cold (C) at 4°C, heat (H) at 38°C and 
drought treatment for 0h (T0control), 1h, 4h and 8h in E. grandis. Values are mean ± Sd of three biological replicates. Nd: “Not detected”. 
 
 EgrNAC26 NAC44 NAC45 NAC47 NAC49 NAC61 NAC64 NAC65 NAC75 NAC152 NAC170 
L_T0 0.07 ± 0.04 0.43 ± 0.3 0.69 ± 0.5 1.13 ± 0.27 0.38 ± 0.07 0.72 ± 0.13 0.16 ± 0.01 0.49 ± 0.04 0.33 ± 0.17  0.29 ± 0.04 0.1 ± 0.01 
L_C_1h 0.13 ± 0.01 Nd  0.1 ± 0.04 0.28 ± 0.06 0.38 ± 0.08 0.65 ± 0.05 0.36 ± 0.06 0.41 ± 0.06 0.15 ± 0.06 0.15 ± 0.07 0.34 ± 0.02 
L_C_4h 0.26 ± 0.15 0.4 ± 0.01 0.38 ± 0.16 0.27 ± 0.03 0.34 ± 0.02 0.59 ± 0.11 0.38 ± 0.03 0.57 ± 0.07 0.57 ± 0.03 0.1 ± 0.01 0.2 ± 0.03 
L_C_8h 0.31 ± 0.08 0.48 ± 0.3 0.33 ± 0.06 0.51 ± 0.29 0.4 ± 0.05 0.62 ± 0.11 0.23 ± 0.04 0.41 ± 0.12 0.39 ± 0.1 0.51 ± 0.06 0.21 ± 0.04  
L_H_1h 0.15 ± 0.07 0.64 ± 0.01 0.58 ± 0.09 10.8 ± 1.18 0.13 ± 0.02 0.54 ± 0.31 0.48 ± 0.07 0.44 ± 0.15 0.26 ± 0.3 0.06 ± 0.02 0.13 ± 0.02 
L_H_4h 0.08 ± 0.01 0.11 ± 0.1 0.69 ± 0.06 0.88 ± 0.51 0.18 ± 0.01 0.37 ± 0.01 0.2 ± 0.04 0.38 ± 0.07 0.13 ± 0.1 0.09 ± nd 0.09 ± 0.01 
L_H_8h 0.12 ± 0.04 0.18 ± 0.02 0.2 ± 0.08 0.65 ± 0.16 0.25 ± 0.02 0.29 ± 0.1 0.15 ± 0.01 0.5 ± 0.09 0.1 ± 0.02 0.1 ± 0.02 0.15 ± 0.05 
L_D_1h 0.15 ± 0.06 0.91 ± nd 0.49 ± nd 1.47 ± 0.09 0.12 ± 0.01 0.18 ± 0.01 0.21 ± 0.01 0.23 ± 0.01 0.27 ± 0.2 0.09 ± 0.09 0.28 ± 0.12 
L_D_4h 0.62 ± 0.03 0.58 ± 0.07 0.73 ± 0.32 27.6 ± 1.95 0.04 ± 0.03 0.06 ± 0.03 0.55 ± 0.13 0.23 ± 0.04 1.52 ± 0.8 1.05 ± 0.23 0.06 ± 0.02 
L_D_8h 0.33 ± 0.05 0.21 ± 0.04 0.45 ± 0.16 22.2 ± 1.1 0.09 ± 0.01 0.1 ± 0.03 0.63 ± 0.1 0.17 ± 0.03 1.06 ± 0.1 0.7 ± 0.14 0.05 ± 0.00 
S_T0 7.05 ± 0.6 3.79 ± 0.69 3.12 ± 0.83 1.25 ± 0.2 4.47 ± 0.59 4.21 ± 0.92 4.21 ± 0.77 2.74 ± 0.21 3.21 ± 0.32 4.21 ± 2.4 7.31 ± 0.07 
S_C_1h 8.07 ± 1.55 7.4 ± 2.66 3.41 ± 0.75 0.13 ± 0.05 4.94 ± 0.69 3.09 ± 0.2 6.67 ± 1.55 4.4 ± 1.07 3.04 ± 0.82 1.39 ± 0.22  9.25 ± 0.92 
S_C_4h 9.8 ± 0.79 5.87 ± 1.04 3.41 ± 0.14 0.06 ± 0.03 4.06 ± 0.24 2.9 ± 0.3 4.91 ± 0.49 3.87 ± 0.18 2.38 ± 0.21 0.99 ± 0.32 7.75 ± 2.19 
S_C_8h 10.4 ± 2.07 3.5 ± 0.41 2.28 ± 0.23 0.13 ± 0.07 4.33 ± 1.04 3.12 ± 0.66 4.09 ± 0.3 3.98 ± 0.9 3.08 ± 0.46 1.02 ± 0.4 8.86 ± 1.06 
S_H_1h 6.01 ± 0.78 1.41 ± 0.79 1.77 ± 0.09 2.02 ± 0.44 5.51 ± 0.85 5.15 ± 0.48 3.39 ± 0.4 4.52 ± 1.11 2.0 ± 0.39 1.16 ± 0.73 2.9 ± 0.78 
S_H_4h 2.25 ± 0.24 2.38 ± 0.54 1.8 ± 1.29 0.52 ± 0.23 2.29 ± 0.07 1.72 ± 0.06 2.6 ± 0.26  4.5 ± 1.27 0.65 ± 0.17 2.35 ± 0.34 1.42 ± 0.39 
S_H_8h 2.72 ± 0.7 3.07 ± 0.63 3.33 ± 0.81 0.8 ± 0.1 2.08 ± 0.69 1.74 ± 0.41 1.59 ± 0.01 1.88 ± 0.31 0.58 ± 0.16 1.47 ± 0.13 1.76 ± 0.43 
S_D_1h 8.7 ± 1.08 1.63 ± 0.13 1.41 ± 0.2 0.21 ± 0.07 1.36 ± 0.09 0.8 ± 0.2 2.89 ± 0.24 2.65 ± 0.25 2.12 ± 0.75 0.68 ± 0.04 4.46 ± 0.4 
S_D_4h 17.9 ± 0.24 1.52 ± 0.19 2.5 ± 0.38 1.22 ± 0.04 1.65 ± 0.04 0.81 ± 0.07 3.39 ± 0.06 1.86 ± 0.46 15.3 ± 2.19 30.2 ± 3.68 3.89 ± 0.19 
S_D_8h 4.09 ± 0.59 1.09 ± 0.32 0.44 ± 0.14 10.5 ± 4.6 1.07 ± 0.06 0.73 ± 0.25 3.6 ± 0.38 1.13 ± 0.09 8.35 ± 0.34 31.0 ± 1.4 1.84 ± 0.15 
R_T0 0.71 ± 0.04 0.78 ± 0.69 1.22 ± 1.2 0.38 ± 0.02 2.39 ± 0.59 2.66 ± 0.35 0.91 ± 0.17 1.63 ± 0.41 1.38 ± 0.29 3.44 ± 0.86  2.83 ± 0.41 
R_C_1h 2.72 ± 1.54 1.48 ± 1.4 1.61 ± 0.16 0.15 ± 0.006 1.69 ± 0.12 2.51 ± 0.43 0.52 ± 0.24 0.83 ± 0.17 1.55 ± 0.74  1.32 ± 0.32 1.27 ± 0.08 
R_C_4h 0.21 ± 0.05 Nd  0.97 ± nd Nd  2.42 ± 0.24 4.7 ± 0.65 1.05 ± 0.12 1.06 ± 0.46 1.72 ± 0.37 0.76 ± 0.24 1.35 ± 0.03 
R_C_8h 1.33 ± 0.24 0.94 ± nd 0.49 ± nd 0.1 ± nd 2.68 ± 0.28 5.0 ± 0.96 0.67 ± 0.16 1.22 ± 0.4 1.05 ± 0.12 0.84 ± 0.45 2.32 ± 1.71 
R_H_1h 0.54 ± 0.06 0.48 ± 0.1 2.14 ± 0.5 0.49 ± 0.01 2.07 ± 0.37 1.93 ± 0.21 0.91 ± 0.13 1.38 ± 0.21 1.3 ± 0.4 1.72 ± 0.06 2.79 ± 0.44 
R_H_4h 0.41 ± 0.15 1.47 ± 0.51 1.09 ± 0.07 0.59 ± 0.4 1.52 ± 0.17 0.72 ± 0.13 0.81 ± 0.02 1.23 ± 0.35 0.86 ± 0.08 0.56 ± 0.05 0.88 ± 0.07 
R_H_8h 0.46 ± 0.08 Nd  1.93 ± 0.56 0.46 ± 0.49 1.02 ± 0.22 0.79 ± 0.14 0.58 ± 0.02 0.66 ± 0.02 0.13 ± 0.04 0.54 ± 0.13 0.29 ± 0.01 
R_D_1h 2.59 ± 0.19 0.9 ± 0.04 1.06 ± 0.11 0.69 ± 0.3 0.77 ± 0.15 0.54 ± 0.11 0.7 ± 0.15 0.84 ± 0.07 1.62 ± 0.59 1.28 ± 0.47 4.7 ± 0.11 
R_D_4h 2.08 ± 0.62 1.94 ± 0.84 1.54 ± 0.14 6.55 ± 1.33 1.32 ± 0.35 0.94 ± 0.23 0.9 ± 0.3 0.74 ± 0.22 2.13 ± 0.44 4.14 ± 0.31 2.7 ± 0.42 
R_D_8h 1.32 ± 0.07 0.97 ± nd 3.34 ± 0.2 25.9 ± 11 0.74 ± 0.12 0.66 ± 0.14 1.66 ± 0.43 0.93 ± 0.37 2.07 ± 0.33 9.31 ± 0.73 1.31 ± 0.18 
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Appendix 3.14: Relative expression level of MYB genes in mature leaves (L), stems (S) and roots (R) under cold (C) at 4°C, heat (H) at 38°C 
and drought treatment for 0h (T0control), 1h, 4h and 8h in E. grandis. Values are mean ± Sd of three biological replicates. Nd: “Not detected”. 
 
E. grandis EgrMYB1 MYB2 MYB20 MYB31 MYB60 MYB61 MYB64 MYB68 MYB80 MYB81 MYB82 
L_T0 4.01 ± 0.15 0.26 ± 0.03 3.29 ± 0.94 0.14 ± 0.04 0.17 ± 0.03 0.5 ± 0.05 1.31 ± 0.02 6.1 ± 1.98 0.62 ± 0.19 2.02 ± 0.11 1.43 ± 0.62 
L_C_1h 1.87 ± 0.22 0.71 ± 0.09 0.55 ± 0.12 0.04 ± 0.01 0.19 ± 0.06 0.1 ± 0.02 0.89 ± nd 0.3 ± 0.2 0.09 ± 0.005 0.01 ± 0.00 0.14 ± 0.02 
L_C_4h 1.29 ± 0.002 0.5 ± 0.04 0.95 ± 0.74 0.11 ± 0.00 0.31 ± 0.08 0.18 ± 0.035 0.25 ± nd 0.27 ± 0.1 0.23 ± 0.2 0.04 ± 0.04 0.21 ± 0.06 
L_C_8h 3.24 ± 0.62 0.71 ± 0.001 1.3 ± 0.17 0.51 ± 0.18 0.45 ± 0.05 0.19 ± 0.037 0.31 ± 0.00 2.76 ± 0.69 0.16 ± 0.00 0.59 ± 0.15 0.31 ± 0.04 
L_H_1h 0.51 ± 0.14 0.37 ± 0.08 0.57 ± 0.12 0.18 ± 0.08 0.38 ± 0.09 0.21 ± 0.01 Nd  1.51 ± 0.39 0.17 ± 0.1 0.01 ± 0.00 0.08 ± 0.02 
L_H_4h 1.45 ± 0.14 0.41 ± 0.07 0.42 ± 0.12 0.16 ± 0.03 0.39 ± 0.11 0.08 ± 0.01 0.12 ± 0.02 1.57 ± 0.4 0.32 ± 0.13 0.04 ± 0.05 0.19 ± 0.02 
L_H_8h 1.38 ± 0.41 0.4 ± 0.1 0.11 ± 0.03 0.36 ± 0.18 0.26 ± 0.02 0.12 ± 0.04 0.06 ± 0.04 0.38 ± 0.45 0.41 ± 0.05 0.06 ± 0.01 0.18 ± 0.02 
L_D_1h 0.27 ± 0.09 0.37 ± 0.03 0.11 ± 0.1 0.04 ± 0.00 0.19 ± 0.03 0.06 ± 0.01 Nd 0.96 ± 0.92 0.12 ± 0.1 0.9 ± 1.2 0.16 ± 0.04 
L_D_4h 0.21 ± 0.03 0.91 ± 0.25 0.56 ± 0.22 0.14 ± 0.04 0.2 ± 0.03 0.09 ± 0.02 0.02 ± nd 0.08 ± 0.02 0.41 ± 0.08 38.3 ± 0.87 0.18 ± 0.02 
L_D_8h 0.30 ± 0.03 0.42 ± 0.02 1.02 ± 0.37 0.08 ± 0.02 0.13 ± 0.00 0.05 ± 0.01 Nd 0.14 ± 0.1 0.1 ± 0.03 85.4 ± 7.4 0.51 ± 0.17 
S_T0 4.24 ± 0.08 2.44 ± 0.12 5.05 ± 0.12 5.49 ± 1.52 8.49 ± 0.93 12.2 ± 0.32 6.21 ± 1.73 2.12 ± 0.16 6.69 ± 0.19 6.0 ± 2.4 4.85 ± 0.57 
S_C_1h 3.19 ± 0.82 2.55 ± 0.11 2.9 ± 0.42 5.04 ± 1.07 7.91 ± 0.93 9.65 ± 0.34 3.5 ± 0.15 1.69 ± 0.38 8.55 ± 3.2 1.84 ± 0.15 5.67 ± 0.51 
S_C_4h 2.19 ± 0.83 1.8 ± 0.16 0.21 ± 0.16 2.97 ± 1.12 7.6 ± 1.23 8.27 ± 0.81 0.54 ± 0.17 0.44 ± 0.00 4.28 ± 1.8 3.02 ± 1.7 2.16 ± 0.94 
S_C_8h 3.98 ± 0.49 2.58 ± 0.34 1.39 ± 0.33 6.78 ± 1.08 5.1 ± 0.64 9.38 ± 1.33 3.81 ± 0.31 2.11 ± 0.34 2.99 ± 0.61 3.52 ± 0.54 3.87 ± 1.09 
S_H_1h 1.71 ± 0.17 1.48 ± 0.001 1.02 ± 0.04 5.31 ± 0.64 8.51 ± 1.66 11.3 ± 3.51 0.49 ± 0.5 3.09 ± 0.28 4.24 ± 0.98 0.22 ± 0.03 3.08 ± 0.18 
S_H_4h 3.14 ± 0.58 1.17 ± 0.1 0.67 ± 0.24 3.92 ± 0.2 4.88 ± 0.49 3.12 ± 0.27 0.04 ± 0.02 1.32 ± 0.26 2.43 ± 0.34 1.37 ± 0.52 1.69 ± 0.32 
S_H_8h 3.99 ± 0.31 0.95 ± 0.1 0.27 ± 0.16 5.42 ± 1.14 6.58 ± 0.4 6.42 ± 0.72 0.28 ± nd 3.4 ± 0.19 3.24 ± 1.09 0.29 ± 0.01 3.68 ± 0.95 
S_D_1h 0.96 ± 0.18 1.09 ± 0.16 0.34 ± 0.18 1.39 ± 0.54 2.45 ± 0.27 3.18 ± 0.4 0.27 ± 0.04 0.83 ± 0.28 0.41 ± 0.03 3.16 ± 0.28 1.85 ± 0.36 
S_D_4h 0.68 ± 0.28 0.74 ± 0.03 2.24 ± 0.34  1.63 ± 0.1 1.09 ± 0.09 3.33 ± 0.11 0.25 ± 0.05 0.47 ± 0.3 3.74 ± 0.25 5.9 ± 3.4 2.29 ± 0.41 
S_D_8h 0.33 ± 0.03 1.14 ± 0.09 0.44 ± nd 1.37 ± 0.08 0.72 ± 0.14 0.69 ± 0.15 0.57 ± nd 0.34 ± 0.45 3.21 ± 0.85 22.9 ± 3.5 3.05 ± 0.04 
R_T0 2.12 ± 0.12 1.04 ± 0.15 4.09 ± 2.2 3.02 ± 0.76 1.31 ± 0.08 3.15 ± 0.1 28.0 ± 0.28 2.55 ± 0.21 4.32 ± 0.34 7.32 ± 2.3 1.68 ± 0.3 
R_C_1h 0.75 ± 0.21 1.02 ± 0.21 3.65 ± 0.97 1.53 ± 0.1 0.44 ± 0.08 2.21 ± 0.62 4.97 ± 1.12 1.65 ± 0.32 0.44 ± 0.2 0.52 ± 0.2 0.94 ± 0.04 
R_C_4h 0.81 ± 0.03 8.84 ± 1.13 8.24 ± nd 0.37 ± 0.03 2.16 ± 0.32 0.59 ± 0.09 3.3 ± 0.9 1.01 ± 0.46 0.71 ± nd 0.37 ± 0.41 2.11 ± 1.2 
R_C_8h 0.73 ± 0.4 2.06 ± 0.88 5.53 ± nd 4.56 ± 0.24 0.87 ± 0.23 2.94 ± 0.57 1.32 ± nd 0.94 ± 0.6 0.43 ± 0.3 0.03 ± 0.02 2.93 ± 1.02 
R_H_1h 0.95 ± 0.23 1.36 ± 0.14 1.91 ± 0.03 5.05 ± 0.46 1.6 ± 0.11 1.16 ± 0.11 0.92 ± 0.4 1.73 ± 0.26 3.65 ± 0.24 3.21 ± 2.2 1.06 ± 0.13 
R_H_4h 0.2 ± 0.07 0.43 ± 0.05 0.35 ± 0.02 0.95 ± 0.15 0.44 ± 0.11 0.12 ± 0.09 Nd  0.17 ± nd 0.74 ± 0.18 0.31 ± 0.2 0.85 ± 0.1 
R_H_8h 0.24 ± 0.12 2.01 ± 0.78 1.62 ± 1.3 1.92 ± 0.27 0.57 ± 0.24 0.59 ± 0.11 0.69 ± 0.41 0.26 ± 0.2 1.04 ± 0.1 0.79 ± 0.7 1.04 ± 0.17 
R_D_1h 0.43 ± 0.02 1.11 ± 0.28  0.95 ± 0.01 3.44 ± 0.95 0.92 ± 0.09 0.73 ± 0.1 0.76 ± 0.18 0.76 ± 0.09 1.89 ± 0.36 1.15 ± 0.39 1.91 ± 0.62 
R_D_4h 0.63 ± 0.01 0.98 ± 0.22 3.36 ± 0.32 2.08 ± 0.46 0.43 ± 0.15 1.58 ± 0.3 0.81 ± 0.78 1.19 ± 0.54 1.87 ± 0.14 4.87 ± 0.16 2.45 ± 0.48 
R_D_8h 0.37 ± 0.04 2.32 ± 0.64 1.24 ± 0.76 1.33 ± 0.1 0.28 ± 0.04 1.16 ± 0.3 0.89 ± 0.11 0.83 ± 0.13 2.52 ± 0.15 15.73 ± 2.17 3.43 ± 0.29 
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Appendix 3.14: Relative expression level of MYB genes in mature leaves (L), stems (S) and roots (R) under cold (C) at 4°C, heat (H) at 38°C 
and drought treatment for 0h (T0control), 1h, 4h and 8h in E. grandis. Values are mean ± Sd of three biological replicates. Nd: “Not detected” 
(Continue) 
 
E. grandis MYB88 MYB93 MYB97 MYB101 MYB105 MYB132 MYB137 MYB140  
L_T0 3.36 ± 0.73 0.02 ± nd 0.16 ± 0.06 0.58 ± 0.2 2.69 ± 0.39 3.22 ± 0.13 0.99 ± 0.18 0.09 ± 0.02 
L_C_1h 2.22 ± 0.3 Nd 0.4 ± 0.11 0.2 ± 0.02 1.55 ± 0.09 1.65 ± 0.02 1.03 ± 0.25 0.07 ± nd 
L_C_4h 1.26 ± 0.16 Nd 0.22 ± 0.05 0.29 ± 0.01 1.54 ± 0.03 1.18 ± 0.15 0.62 ± 0.03 Nd  
L_C_8h 3.1 ± 0.27 Nd 0.29 ± 0.07 1.19 ± 0.13 3.49 ± 0.09 4.89 ± 1.08 0.74 ± 0.03 0.04 ± nd 
L_H_1h 0.03 ± 0.01 0.02 ± 0.01 0.26 ± 0.1 0.11 ± 0.04 0.94 ± 0.15 0.17 ± 0.01 0.39 ± 0.09 0.12 ± 0.02 
L_H_4h 0.26 ± 0.1 0.04 ± nd 0.15 ± 0.03 0.22 ± 0.01 2.0 ± 0.46 0.33 ± 0.11 0.21 ± 0.09 0.06 ± 0.01 
L_H_8h 0.69 ± 0.12 0.04 ± 0.03 0.23 ± 0.03 0.53 ± 0.14 3.04 ± 1.01 0.79 ± 0.07 0.44 ± 0.05 0.06 ± 0.00 
L_D_1h 0.15 ± 0.08 0.18 ± 0.03 0.04 ± 0.01 0.28 ± 0.07 0.2 ± 0.01 0.32 ± 0.04 1.27 ± 0.23 0.21 ± 0.02 
L_D_4h 0.73 ± 0.3 0.19 ± 0.05 0.04 ± 0.04 0.12 ± 0.04 3.9 ± 0.68 0.11 ± 0.03 1.03 ± 0.05 2.28 ± 0.00 
L_D_8h 0.07 ± 0.03 0.41 ± 0.03 0.23 ± 0.01 0.16 ± 0.05 2.21 ± 0.58 0.08 ± 0.00 0.56 ± 0.08 2.22 ± 0.39 
S_T0 6.49 ± 0.11 0.29 ± 0.11 0.04 ± 0.02 3.6 ± 0.6 2.32 ± 0.19 2.94 ± 0.32  2.58 ± 0.58 2.69 ± 0.52 
S_C_1h 1.37 ± 0.24 0.84 ± 0.04 0.05 ±0.05 5.71 ± 0.86 1.94 ± 0.53 8.76 ± 1.06 4.58 ± 1.0 0.36 ± 0.04 
S_C_4h 0.48 ± 0.21 0.4 ± 0.04 0.12 ± 0.03 3.3 ± 1.3 0.88 ± 0.27 2.63 ± 0.37 2.9 ± 0.64 0.15 ± 0.00 
S_C_8h 1.3 ± 0.39 0.28 ± 0.06 0.09 ± 0.02 2.25 ± 0.1 0.67 ± 0.16 2.29 ± 0.89 3.34 ± 0.49 0.2 ± 0.04 
S_H_1h 0.98 ± 0.01 0.39 ± 0.16 0.03 ± 0.01 0.62 ± 0.13 1.19 ± 0.17 3.36 ± 2.2 1.3 ± 0.04 0.69 ± 0.8 
S_H_4h 0.41 ± 0.00 0.33 ± 0.09 0.63 ± 0.26 0.57 ± 0.05 1.66 ± 0.17 2.45 ± 0.64 0.65 ± 0.07 0.19 ± nd 
S_H_8h 1.15 ± 0.07 0.14 ± 0.06 0.11 ± 0.04 1.94 ± 0.74 1.65 ± 0.14 3.1 ± 1.34 0.68 ± 0.04  0.09 ± 0.02 
S_D_1h 2.09 ± 0.54 1.51 ± 0.22 0.17 ± 0.04 1.0 ± 0.19 0.61 ± 0.04 0.47 ± 0.06 0.4 ± 0.16 6.64 ± 1.86 
S_D_4h 0.2 ± 0.06 5.88 ± 0.6 0.03 ± 0.03 1.49 ± 0.33 1.07 ± 0.17 0.48 ± 0.09 1.2 ± 0.07 12.4 ± 1.29 
S_D_8h 0.15 0.05 6.02 ± 0.39 0.37 ± nd 0.58 ± 0.09 1.04 ± 0.39 0.45 ± 0.3 0.32 ± 0.29 5.59 ± 0.64 
R_T0 5.92 ± 0.68 2.65 ± 0.39 31.0 ± 2.07 6.25 ± 0.84 1.09 ± 0.08 1.35 ± 0.24 1.3 ± 0.4 8.04 ± 0.5 
R_C_1h 2.4 ± 0.19 3.73 ± 1.02 43.1 ± 4.1 1.93 ± 0.58 0.43 ± 0.04 1.3 ± 0.15 0.7 ± 0.13 14.7 ± 3.8 
R_C_4h 3.51 ± 1.0 3.04 ± 0.64 51.3 ± 28.2 4.34 ± 1.49 0.57 ± 0.05 Nd  0.78 ± nd 13.8 ± 2.15 
R_C_8h 2.37 ± 0.84 4.86 ± 1.0 25.2 ± 12.3 5.1 ± 0.94 0.58 ± 0.24 0.53 ± nd 1.79 ± 0.05 7.35 ± 0.9 
R_H_1h 1.1 ± 0.07 3.34 ± 0.09 64.3 ± 4.52 2.43 ± 0.06 0.69 ± 0.01 1.31 ± 0.06 1.74 ± 0.21 3.88 ± 0.33 
R_H_4h 0.54 ± 0.27 1.15 ± 0.34 43.6 ± 4.4 0.37 ± 0.12 0.18 ± 0.03 0.45 ± 0.37 0.95 ± 0.8 1.13 ± 0.06 
R_H_8h 1.66 ± 0.54 1.46 ± 0.53 61.4 ± 5.25 0.91 ± 0.27 0.28 ± 0.01 0.61 ± 0.2 0.51 ± 0.08 0.76 ± 0.26 
R_D_1h 1.96 ± 0.27 16.9 ± 2.85 29.2 ± 5.84 3.14 ± 1.0 0.61 ± 0.01 0.77 ± 0.26 1.09 ± 0.5 4.79 ± 0.22 
R_D_4h 1.88 ± 0.13 16.0 ± 0.49 18.1 ± 0.02 3.46 ± 0.62 0.74 ± 0.15 1.3 ± 0.06 1.64 ± 0.27 17.5 ± 7.66 
R_D_8h 0.67 ± 0.01 14.5 ± 1.29 38.2 ± 10.9 3.16 ± 0.6 0.54 ± 0.05 1.64 ± 0.66 1.67 ± 0.01 14.7 ± 2.45 
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Appendix 3.15: Relative expression level of NAC genes in mature leaves (L), stems (S) and roots (R) under cold (C) at 4°C, heat (H) at 38°C and 
drought treatment for 0h (T0control), 1h, 4h and 8h in E. gunnii. Values are mean ± Sd of three biological replicates. Nd: “Not detected”. 
 
E. gunnii NAC26 NAC44 NAC45 NAC47 NAC49 NAC61 NAC64 NAC75 NAC152 NAC170 
L_0h 0.27 ± 0.08 0.15 ± nd  1.18 ± 0.21 1.25 ± 0.04 0.24 ± 0.01 0.70 ± 0.1 0.39 ± 0.06 Nd 0.44 ± 0.13 0.30 ± 0.05 
L_C_1h 0.05 ± 0.01 0.03 ± nd 0.70 ± 0.54 0.46 ± 0.2 0.31 ± 0.02 0.57 ± 0.1 0.22 ± 0.02 0.07 ± nd 0.18 ± 0.07 0.19 ± 0.01 
L_C_4h 0.05 ± 0.02 0.02 ± 0.01 2.00 ± 0.8 0.54 ± 0.15 0.33 ± 0.03 0.68 ± 0.12 0.25 ± 0.01 Nd  0.34 ± 0.17 0.77 ± 0.24 
L_C_8h 0.20 ± 0.01 0.60 ± nd 0.28 ± 0.24 0.46 ± 0.02 0.12 ± 0.00 0.46 ± 0.05 0.34 ± 0.09 0.09 ± 0.01 0.28 ± 0.21 0.52 ± 0.03 
L_H_1h 0.13 ± 0.05 0.28 ± 0.08 1.70 ± 0.01 5.10 ± 0.52 0.08 ± 0.01 0.15 ± 0.02 0.26 ± 0.04 0.11 ± 0.1 0.21 ± nd 0.80 ± 0.39 
L_H_4h 0.10 ± 0.08 0.60 ± 0.2 3.42 ± 1.6 4.43 ± 2.8 0.23 ± 0.05 0.25 ± 0.07 0.30 ± 0.08 0.10 ± 0.01 0.18 ± 0.07 0.57 ± 0.1 
L_H_8h 0.04 ± 0.03 0.54 ± nd 0.76 ± 0.62 2.18 ± 0.9 0.11 ± 0.00 0.20 ± 0.05 0.20 ± 0.07 0.26 ± nd 1.02 ± 0.9 0.19 ± 0.03 
L_D_1h 0.12 ± 0.00 1.82 ± 0.02 0.69 ± 0.08 0.38 ± 0.08 0.14 ± 0.01 0.27 ± 0.07 0.23 ± 0.03 0.21 ± 0.02 0.39 ± 0.07 0.32 ± 0.02 
L_D_4h 0.12 ± 0.02 0.95 ± 0.6 3.44 ± 0.22 14.13 ± 3.4 0.19 ± 0.1 0.11 ± 0.01 0.47 ± 0.12 1.92 ± 1.5 0.78 ± 0.4 0.94 ± 0.27 
L_D_8h 0.12 ±  0.03 1.71 ± 0.34 1.09 ± 0.81 13.36 ± 1.59 0.05 ± 0.00 0.18 ± 0.08 1.07 ±0.22 1.04 ± 0.12 0.20 ± 0.12 0.32 ± 0.19 
S_0h 3.58 ± 0.63 1.17 ± 0.8 1.11 ± 0.19 0.70 ± 0.01 3.90 ± 1.07 4.16 ± 0.69 2.73 ± 0.69 1.19 ± 0.56 1.56 ± 0.02 1.49 ± 0.36 
S_C_1h 3.80 ± 1.0 0.98 ± nd 1.07 ± 0.07 0.80 ± 0.5 6.77 ± 1.16 6.80 ± 1.27 4.30 ± 0.35 0.87 ± 0.13 2.00 ± 0.5 1.01 ± 0.24 
S_C_4h 6.65 ± 1.5 2.91 ± 1.4 1.18 ± 0.49 0.22 ± 0.13 4.40 ± 0.3 4.64 ± 0.31 2.77 ± 0.42 1.31 ± 0.27 1.63 ± 0.07 1.54 ± 0.58 
S_C_8h 5.25 ± 0.51 1.57 ± nd 1.50 ± 0.28 0.72 ± 0.17 4.29 ± 0.14 4.88 ± 0.31 3.99 ± 0.34 2.12 ± 0.01 2.71 ± 0.25 1.93 ± 0.12 
S_H_1h 1.67 ± 1.0 7.72 ± 0.79 1.67 ± 0.63 2.35 ± 0.28 3.88 ± 1.44 3.28 ± 0.65 2.74 ± 0.6 0.94 ± 0.1 0.84 ± 0.27 1.84 ± 0.85 
S_H_4h 4.54 ± 0.48 7.67 ± 0.21 2.02 ± 0.06 0.95 ± 0.21 2.25 ± 0.11 2.94 ± 0.34 2.45 ± 0.24 0.67 ± 0.21 5.95 ± 0.66 2.54 ± 0.25 
S_H_8h 2.03 ± 0.04 0.70 ± 0.54 1.77 ± 0.98 0.56 ± 0.27 1.82 ± 0.35 1.83 ± 0.25 1.10 ± 0.2 0.59 ± 0.09 9.03 ± 3.5 0.72 ±0.03 
S_D_1h 4.61 ± 0.14 2.01 ± 0.84 1.14 ± 0.17 0.87 ± 0.24 2.18 ± 0.5 1.35 ± 0.24 3.07 ± 0.44 2.52 ± 0.37 1.29 ± 0.25 1.61 ±0.17 
S_D_4h 19.22 ± 6.7 0.64 ± 0.42 0.72 ± 0.04 3.70 ± 1.6 2.19 ± 0.35 1.68 ± 0.36 4.72 ± 0.26 15.42 ± 4.41 6.60 ± 2.6 0.75 ± 0.23 
S_D_8h 7.93 ± 1.47 1.54 ± 0.57 0.40 ± 0.1 6.32 ± 1.17 1.36 ± 0.13 0.86 ± 0.18 4.70 ± 1.11 19.42 ± 3.57 14.77 ± 1.48 0.68 ± 0.17 
R_0h 1.84 ± 0.19 1.47 ± 0.61 0.56 ± 0.23 0.52 ± 0.12 2.47 ± 0.31 2.40 ± 0.33 0.87 ± 0.18 1.55 ± 0.13 1.24 ± 0.14 3.68 ± 0.12 
R_C_1h 2.17 ± 0.48 0.95 ± 0.17 0.72 ± 0.04 0.31 ± 0.01 2.88 ± 0.04 2.83 ± 0.4 1.22 ± 0.16 1.27 ± 0.32 1.34 ± 0.13 3.25 ± 0.62 
R_C_4h 2.28 ± 0.45 1.96 ± 0.11 0.67 ± 0.04 0.34 ± 0.02 3.49 ± 0.31 3.02 ± 0.8 1.10 ± 0.23 0.98 ± 0.02 1.65 ± 0.44 2.60 ± 0.11 
R_C_8h 2.42 ± 0.27 2.25 ± 0.27 0.97 ± 0.32 0.14 ± 0.07 2.69 ± 0.39 2.90 ± 0.33 1.11 ± 0.09 1.89 ± 0.24 1.42 ± 0.07 3.85 ± 0.13 
R_H_1h 1.85 ± 0.83 0.15 ± 0.16 0.97 ± 0.57 1.17 ±  0.02 3.49 ± 0.3 2.05 ± 0.14 1.52 ± 0.34 1.05 ± 0.19 1.03 ± 0.84 2.76 ± 0.39 
R_H_4h 1.30 ± 0.28 1.14 ± 0.17 0.77 ± 0.34 0.32 ± 0.12 2.25 ± 0.63 0.99 ± 0.14 1.06 ± 0.09 1.31 ± 0.04 1.95 ± 0.38 1.57 ± 0.53 
R_H_8h 0.84 ± 0.05 3.47 ± 0.96 2.40 ± 0.9 0.54 ± 0.1 0.84 ± 0.1 0.41 ± 0.04 0.79 ± 0.02 0.28 ± 0.04 2.92 ± 0.13 0.70 ± 0.06 
R_D_1h 1.55 ± 0.47 1.04 ± 0.03 0.89 ± 0.18 0.79 ± 0.06 2.33 ± 0.84 1.28 ± 0.14 0.75 ± 0.05 1.15 ± 0.17 0.37 ± 0.03 2.26 ± 0.23 
R_D_4h 1.62 ± 0.44 0.81 ± 0.01 0.44 ± 0.05 2.15 ± 0.31 2.23 ± 0.41 0.92 ± 0.04 0.99 ± 0.18 3.56 ± 0.00 0.62 ± 0.23 1.07 ± 0.06 
R_D_8h 2.00 ± 0.16 1.90 ± 0.48 2.89 ± 0.9 10.24 ± 1.05 1.52 ± 0.06 0.84 ± 0.14 1.15 ± 0.13 3.22 ± 0.46 1.33 ± 0.28 1.49 ± 0.02 
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Appendix 3.16: Relative expression level of MYB genes in mature leaves (L), stems (S) and roots (R) under cold (C) at 4°C, heat (H) at 38°C 
and drought treatment for 0h (T0control), 1h, 4h and 8h in E. gunnii. Values are mean ± Sd of three biological replicates. Nd: “Not detected”. 
 
E. gunnii MYB1 MYB2 MYB20 MYB31 MYB60 MYB61 MYB64 MYB68 MYB80 MYB81 
L_0h 3.46 ± 0.66 0.39 ± 0.15 1.37 ± 0.54 0.22 ± 0.07 0.22 ± 0.00 0.15 ± 0.08 2.16 ± 0.32 1.34 ± 0.3 0.82 ± 0.02 1.29 ± 0.73 
L_C_1h 2.94 ± 0.68 0.61 ±0.15 3.02 ± 0.34 0.14 ± 0.05 0.34 ± 0.07  0.07 ± 0.02 4.53 ± 1.7 0.16 ± 0.05 0.27 ± 0.00 0.92 ± nd 
L_C_4h 2.15 ± 0.16 1.08 ± 0.08 4.30 ± 1.72 0.50 ± 0.08 0.29 ± 0.07 0.27 ± 0.08 4.99 ± 0.43 1.21 ± 0.02 0.93 ± 0.3 3.57 ± 2.11 
L_C_8h 2.05 ± 0.56 0.85 ± 0.13 2.53 ± 0.15 0.28 ± 0.1 0.31 ± 0.07 0.18 ± 0.11 1.18 ± 0.01 0.59 ± 0.16 0.56 ± 0.12 4.25 ± 1.57 
L_H_1h 1.34 ± 0.34 1.45 ± 0.17 4.10 ± 1.9 0.68 ± 0.05 0.37 ± 0.04 0.06 ± 0.05 2.31 ± 1.32 2.15 ± 0.24 1.18 ± 1.0 2.64 ± 2.29 
L_H_4h 1.22 ± 0.11 1.23 ± 0.22 2.27 ± 0.14 0.53 ± 0.03 0.20 ± 0.03 0.42 ± 0.04 0.53 ± 0.04 1.28 ± 0.55 0.93 ± 0.19 2.21 ± 0.87 
L_H_8h 1.07 ± 0.32 0.73 ± 0.15 1.10 ± 0.12 0.30 ± 0.04 0.14 ± 0.06 0.21 ± 0.04 0.52 ± 0.2 1.69± 0.5 0.69 ± 0.11 1.74 ± 1.0 
L_D_1h 0.17 ± 0.05 0.69 ± 0.08 0.50 ± 0.09 0.20 ± 0.05 0.29 ± 0.01 0.10 ± 0.04 0.72 ± 0.22 0.15 ± 0.02 0.21 ± 0.11 1.75 ± 1.3 
L_D_4h 0.97 ± 0.11 2.80 ± 0.31 0.98 ± 0.00 0.63 ± 0.02 0.11 ± 0.02 0.14 ± 0.05 3.24 ± 1.27 0.62 ± 0.13 2.64 ± 0.97 4.71 ± 0,86 
L_D_8h 0.23 ± 0.05 0.42 ± 0.31 3.43 ± 3.2 1.22 ± 0.34 0.05 ± 0.01 0.22 ± nd 1.25 ± 1.0 1.27 ± 1.4 1.56 ± 1.05 8.90 ± 1.12 
S_0h 1.65 ± 0.2 1.02 ± 0.09 2.38 ± 0.12 0.88 ± 0.03 4.19 ± 0.35 5.82 ± 0.76 6.82 ±1.68 2.22 ± 0.22 0.78 ± 0.14 0.55 ± nd 
S_C_1h 1.04 ± 0.01 2.21 ± 0.07 2.93 ± 1.78 1.00 ± 0.22 4.30 ± 0.89 4.46 ± 0.09 4.08 ± 1.8 0.63 ± 0.25 1.60 ± 0.23 0.37 ± 0.3 
S_C_4h 2.18 ± 0.13 1.98 ± 0.54 2.90 ± 0.93 1.44 ± 0.31 6.68 ± 1.8 7.40 ± 0.15 7.09 ± 0.05 1.46 ± 0.33 2.54 ± 0.73 0.27 ± nd 
S_C_8h 1.23 ± 0.32 3.47 ± 0.15 1.50 ± 0.55 1.10 ± 0.3 6.03 ± 0.18 5.93 ± 0.65 2.98 ± 0.1 1.16 ± 0.24 1.15 ± 0.2 0.57 ± 0.21 
S_H_1h 1.30 ± 0.24 2.42 ± 0.63 2.25 ± 1.26 1.58 ± 0.07 9.61 ± 0.46 8.71 ± 0.84 1.20 ± 0.00 8.24 ± 5.8 0.61 ± 0.27 Nd 
S_H_4h 4.76 ± 0.35 1.76 ± 0.27 1.03 ± 0.79 3.63 ± 0.2 15.31 ± 3.41 7.79 ± 0.44 0.18 ± 0.03 3.48 ± 1.12 3.12 ± 1.3 0.23 ± nd  
S_H_8h 2.45 ± 0.25 0.87 ± 0.05 0.09 ± nd 2.82 ± 0.22 4.73 ± 1.08 4.53 ± 1.49 0.14 ± nd 2.17 ± 0.84 1.07 ± 0.1 Nd 
S_D_1h 0.45 ± 0.09 1.05 ± 0.09 0.49 ± 0.14  1.17 ± 0.15 3.76 ± 0.07 2.26 ± 0.14 2.32 ± 0.63 0.51 ± 0.01 0.42 ± 0.06 Nd 
S_D_4h 0.27 ± 0.03 1.52 ± 0.23 0.78 ± 0.45 0.47 ± 0.21 2.30 ± 0.25 7.60 ± 0.07 0.84 ± 0.09 0.81 ± nd 3.50 ± 0.34 0.42 ± nd 
S_D_8h 0.42 ± 0.11 1.22 ± 0.04 0.15 ± 0.05 0.49 ± 0.09 1.46 ± 0.2 1.95 ± 0.41 0.11 ± nd 0.13 ± 0.04 2.34 ± 0.16 0.79 ± nd 
R_0h 0.91 ± 0.1 0.99 ± 0.01 1.77 ± 0.09 1.62 ± 0.11 1.38 ± 0.15 1.51 ± 0.42 1.28 ± 0.56 1.66 ± 0.38 3.11 ± 0.32 0.18 ± 0.01 
R_C_1h 1.49 ± 0.14 1.22 ±0.01 1.41 ± 0.25 1.77 ± 0.2 1.40 ± 0.45 1.84 ± 0.3 3.61 ± 1.36 2.11 ± 0.68 2.30 ± 0.57 2.14 ± 2.0 
R_C_4h 2.07 ± 0.01 1.40 ± 0.03 2.62 ± 0.00 3.02 ± 1.02 1.58 ± 0.3 2.54 ± 0.28 0.72 ± 0.17 2.37 ± 0.16 1.73 ± 0.32 0.07 ± 0.01 
R_C_8h 1.08 ± 0.33 1.22 ± 0.08 1.97 ± 0.28 2.35 ± 0.58 1.62 ± 0.22 2.26 ± 0.32 0.40 ± 0.03 1.64 ± 0.24 2.16 ± 0.37 0.28 ± 0.06 
R_H_1h 1.15 ± 0.09 1.41 ± 0.18 2.50 ± 0.08 2.60 ± 0.44 1.90 ± 0.06 2.24 ± 0.51 2.75 ± 1.23 3.89 ± 0.14 2.67 ± 0.24 0.77 ± nd 
R_H_4h 2.83 ± 0.14 0.94 ± 0.15 0.25 ± 0.03 5.10 ± 0.12 1.76 ± 0.18 1.80 ± 0.09 0.30 ± 0.14 2.23 ± 0.21 2.87 ± 0.23 Nd 
R_H_8h 0.58 ± 0.13 0.36 ± 0.12 0.27 ± 0.11 2.36 ± 0.27 0.42 ± 0.06 0.74 ± 0.01 Nd 0.34 ± 0.02 0.93 ± 0.13 0.50 ± 0.4 
R_D_1h 0.47 ± 0.01 0.59 ± 0.06 0.51 ± 0.23 0.96 ± 0.03 0.96 ± 0.19 0.63 ± 0.06 0.42 ± 0.1 0.67 ± 0.17 0.73 ± 0.13 1.00 ± 0.24 
R_D_4h 0.51 ± 0.05 0.75 ± 0.08 0.49 ± 0.03 1.48 ± 0.17 0.70 ± 0.15 0.68 ± 0.16 0.49 ± 0.18 0.81 ± 0.1 1.38 ± 0.33 0.44 ± 0.05 
R_D_8h 0.55 ± 0.08 1.09 ± 0.15 0.33 ± 0.13 1.22 ± 0.24 0.28 ± 0.03 0.91 ± 0.17 0.26 ±0.23 1.54 ±0.38 1.53± 0.03 3.73 ± 0.27 
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Appendix 3.16: Relative expression level of MYB genes in mature leaves (L), stems (S) and roots (R) under cold (C) at 4°C, heat (H) at 38°C 
and drought treatment for 0h (T0control), 1h, 4h and 8h in E. gunnii. Values are mean ± Sd of three biological replicates. Nd: “Not detected”. 
(Continued) 
 
E. gunnii MYB82 MYB88 MYB93 MYB97 MYB101 MYB105 MYB132 MYB137 MYB140 
L_0h 0.57 ± 0.11 4.89 ± 0.87 0.24 ± 0.04 0.06 ± 0.00 1.08 ± 0.18 6.15 ± 0.38 1.35 ± 0.45 1.54 ± 0.42 0.60 ± 0.09 
L_C_1h 1.12 ± 0.2 2.47 ± 0.57 0.36 ± 0.28 0.19 ± 0.08 0.68 ± 0.08 5.01 ± 1.18 2.19 ± 1.55 0.79 ± 0.18 0.21 ±0.01 
L_C_4h 0.65 ± 0.03 3.01 ± 0.18 0.46 ± 0.01 0.12 ± 0.08 1.54 ± 0.4 4.66 ± 0.32 0.95 ± 0.02 2.30 ± 0.35 0.40 ± 0.06 
L_C_8h 0.53 ± 0.15 1.79 ± 0.08 0.55 ± 0.03 0.05 ± 0.04 3.08 ± 0.15 5.63 ± 1.15 1.22 ± 0.22 1.57 ± 0.05 0.49 ± 0.05 
L_H_1h 0.78 ± 0.06 0.27 ± 0.07 0.21 ± 0.09 Nd 0.58 ± 0.08 2.62 ± 0.63 0.49 ± 0.17 0.65 ± 0.05 0.42 ± 0.25 
L_H_4h 0.37 ± 0.08 0.11 ± nd 0.24 ± 0.03 0.01 ± 0.01 0.78 ± 0.01 2.85 ± 0.22 0.57 ± 0.19 1.06 ± 0.13 0.63 ± 0.3 
L_H_8h 0.35 ± 0.1 0.56 ± 0.24 0.61 ± 0.46 0.07 ± nd 0.63 ± 0.21 2.80 ± 0.76 0.39 ± 0.12 0.69 ± 0.33 0.54 ± 0.37 
L_D_1h 0.45 ± 0.16 0.33 ± 0.16 0.35 ± 0.18 0.05 ± 0.01 1.44 ± 0.42 0.66 ± 0.28 0.53 ± 0.07 1.50 ± 0.11 1.39 ± 0.24 
L_D_4h 0.32 ± 0.04 0.18 ± nd 1.16 ± 0.01 Nd 0.80 ± 0.08 0.35 ± 0.08 1.56 ± 0.32 1.41 ± 0.68 2.75 ± 0.65 
L_D_8h 0.81 ± 0.42 0.10 ± nd 3.22 ± 1.4 0.04 ± nd  0.78 ± 0.28 0.29 ± 0.07 0.75 ± 0.16 2.14 ± 1.2 8.37 ± 0.01 
S_0h 1.98 ± 0.21 2.92 ±  0.8  0.22 ± 0.1 0.28 ± nd 0.70 ± 0.25 1.32 ± 0.03 1.20 ± 0.01 0.74 ± 0.12 2.19 ± 1.6 
S_C_1h 0.72 ± 0.2 0.54 ± 0.2 0.17 ± nd 0.85 ± 0.6 0.29 ± 0.1 1.27 ± 0.31 2.02 ± 0.1 2.96 ± 0.76 0.02 ± nd 
S_C_4h 2.89 ± 0.41 1.12 ±0.4 0.55 ± 0.3 0.08 ± 0.00 1.74 ± 0.51 1.30 ± 0.11 4.10 ± 0.45 1.70 ± 0.04 0.06 ± 0.04 
S_C_8h 1.30 ± 0.17 1.23 ± 0.06 0.18 ± 0.01 1.00 ± 0.5 0.54 ± 0.13 0.91 ± 0.16 0.84 ± 0.17 0.85 ± 0.13 0.06 ± 0.03 
S_H_1h 2.24 ± 0.47 1.48 ± 0.33 0.40 ± nd 0.02 ± 0.00 0.48 ± 0.14 2.15 ± 0.42 3.47 ± 1.5 1.13 ± 0.06 0.20 ± 0.21 
S_H_4h 4.20 ± 1.2 0.52 ± 0.36 0.19 ± nd 0.27 ± 0.1 0.41 ± 0.07 2.93 ± 0.79 1.83 ± 0.00 0.94 ± 0.35 0.16 ± 0.11 
S_H_8h 1.94 ± 0.57 0.60 ± 0.17 Nd 0.12 ± nd 0.21 ± 0.12 1.67 ± 0.19 1.25 ± 0.1 0.39 ± 0.05 0.15 ± 0.05 
S_D_1h 0.50 ± 0.08 0.80 ± 0.07 0.96 ± 0.15 0.15 ± 0.1 0.39 ± 0.07 0.21 ± 0.04 0.80 ± 0.48 1.34 ± 0.12 3.64 ± 0.74 
S_D_4h 1.82 ± 0.46 0.28 ±  nd 4.37 ± 0.53 0.18 ± 0.07 2.39 ± 0.37 0.12 ± 0.02 1.22 ± 0.58 1.30 ± 0.32 16.31 ± 1.93 
S_D_8h 2.93 ± 0.9 0.20 ± 0.1 6.23 ± 0.93 0.19 ± 0.26 1.50 ± 0.44 0.21 ± 0.05 0.43 ± 0.08 0.51 ± 0.04 12.38 ± 0.61 
R_0h 1.73 ± 0.17 4.14 ± 1.09 4.39 ± 0.36 5.65 ± 2.3 2.83 ± 0.7 1.33 ± 0.02 1.42 ± 0.1 1.44 ± 0.14 5.20 ± 1.19 
R_C_1h 1.50 ± 0.14 5.34 ± 0.37 2.78 ± 0.22 18.02 ± 2.01 2.75 ± 1.0 0.87 ± 0.01 2.12 ± 0.18 2.30 ± 1.11 1.91 ± 0.1 
R_C_4h 1.86 ± 0.28 5.08 ±  1.26 2.35 ± 0.51 13.72 ± 2.78 3.85 ± 0.33 1.15 ± 0.25 1.68 ± 0.09 1.78 ± 0.1 1.68 ± 0.29 
R_C_8h 1.38 ± 0.01 3.60 ± 0.24 2.96 ± 0.66 25.67 ± 5.43 3.31 ± 0.8 1.02 ± 0.25 1.94 ± 0.27 1.11 ± 0.14 1.32 ± 0.03 
R_H_1h 1.43 ± 0.37 2.56 ± 1.02 2.25 ± 0.4 9.93 ± 0.29 2.47 ± 1.1 0.89 ± 0.06 1.22 ± 0.41 2.16 ± 0.15 2.37 ± 0.65 
R_H_4h 1.61 ± 0.52 0.95 ± 0.24 0.90 ± 0.27 30.50 ± 12.7 1.63 ± 0.27 0.97 ± 0.32 1.24 ± 0.06 1.71 ± 0.02 0.60 ± 0.07 
R_H_8h 1.47 ± 0.22 0.47 ± 0.09 1.79 ± 0.1 15.22 ± 0.09 0.39 ± 0.05 0.39 ± 0.07 0.22 ± 0.12 0.26 ± 0.13 2.20 ± 0.9 
R_D_1h 0.80 ± 0.24 1.15 ± 0.22 3.81 ± 0.5 6.63 ± 0.96 0.99 ±  0.1 0.34 ± 0.03 0.64 ± 0.06 1.23 ± 0.15 3.85 ± 0.51 
R_D_4h 1.90 ± 0.12 1.03 ± 0.13 5.72 ± 0.18 3.58 ± 0.36 1.32 ± 0.1 0.42 ± 0.05 1.38 ± 0.23 1.89 ± 0.03 5.10 ± 1.04 
R_D_8h 2.44 ± 0.61 0.67 ± 0.07 4.83 ± 0.6 8.56 ± 0.31 3.75 ± 0.67 0.64 ± 0.14 0.80 ± 0.16 0.45 ±0.2 3.38 ± 0.65 
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Appendix 3.17: EgrNAC genes are orthologs of some AtNACs which are known to be 
involved in SCW formation (Extracted from Hussey et al., 2014; Soler et al., 2015). 
 
 Acession DRE LTRE 
Putative ortholog 
(or coortholog) 
Acession Synonym Subgroup 
EgrMYB1 Eucgr.G01774   AtMYB4 AT4G38620  S4 
EgrMYB2 Eucgr.G03385   
AtMYB46 
AtMYB83 
AT5G12870 
AT3G08500 
 
SAtMYB
46 
EgrMYB64 Eucgr.D02390 1 2 Nd   WPS-II 
EgrMYB81 Eucgr.F02842  1 
AtMYB75 
AtMYB90 
AtMYB113 
AtMYB114 
AT1G56650 
AT1G66390 
AT1G66370 
AT1G66380 
 S6 
EgrMYB88 Eucgr.F04423   Nd   WSP-I 
EgrMYB93 
EgrMYB140 
Eucgr.H00158 
Eucgr.K03262 
  
AtMYB13 
AtMYB14 
AtMYB15 
AT1G06180 
AT2G31180 
AT3G23250 
 S2& 3 
EgrMYB97 Eucgr.H02896   
AtMYB71 
AtMYB79 
AT3G24310 
AT4G13480 
 
 
EgrNAC26 Eucgr.A02887   ANAC101 AT5G62380 VND6 
 
EgrNAC47 
EgrNAC64 
Eucgr.D00595 
Eucgr.E03226 
1 
1 
1 
1 
ANAC010 AT1G28470 SND3 
 
EgrNAC65 Eucgr.F01091 3 4 ANAC018 At1g52880 AtNARS2 
 
EgrNAC75 Eucgr.F02615   ANAC030 AT1G71930 VND7 
 
EgrNAC152 Eucgr.I02695   ANAC104 AT5G64530 XND1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Eucalyptus DREB regulation pathway: control of abiotic stress tolerance, plant development 
and wood formation  
Abstract 
 Eucalyptus, the most widely planted hardwood in the world, is highly exposed to the cold due 
to the lack of dormancy. DREB (Drought Responsive Element Binding) genes are known as master 
regulators of abiotic stress response. A high number of the DREB1/CBF (C-Repeat Factor) genes has 
been annotated in Eucalyptus grandis. The aim of the study was to better understand the role of DREB 
pathway in Eucalyptus for the control of stress tolerance, development and wood formation. The 
present study provides an annotation of the CBF and DREB2 genes from a partial draft of the E. gunnii 
genome sequence. A comprehensive transcriptional analysis through high-throughput qRT-PCR was 
carried out on different organs from the two Eucalyptus species after stress treatments. An additional 
CBF copy in the E. gunnii genome compared to E. grandis suggests that this group is still evolving 
unlike the DREB2 group. The higher CBF transcript amounts in the cold tolerant E. gunnii together 
with higher induction rates in the fast growing E. grandis suggest that CBF factors promote both stress 
protection and growth limitation. In addition, transcription factors from MYB, NAC, KNOX and 
AP2/ERF families involved in the control of growth and cell wall formation have been identified as 
putative CBF target genes. These results are in agreement with the modified phenotype of CBF 
overexpressors. Both approaches suggest a central role of DREB pathway in the trade-off between 
growth and stress resistance in this woody species. 
 
Keywords : Eucalyptus, CBF, tolerance, abiotic stress, development, wood formation, 
overexpression, trade-off. 
 
Contribution à l’êtude de la régulation de la voie des facteurs de transcription DREB chez 
l’Eucalyptus: contrôle de la tolérance aux stress abiotiques, de la croissance et de la formation 
du bois 
 
Résumé 
L’Eucalyptus, feuillu le plus planté dans le monde, est fortement exposé au froid en raison de l'absence 
de dormance. Les gènes DREB sont connus comme étant les principaux régulateurs de la réponse aux 
stress abiotiques. Un nombre élevé de gènes DREB1/CBF (C-Repeat Factor) a été identifié chez 
Eucalyptus grandis. Le but de l'étude est de mieux comprendre le rôle de la voie DREB chez 
Eucalyptus pour le contrôle de la tolérance au stress, du développement et de la formation du bois. La 
présente étude a permis une annotation des gènes CBF et DREB2 dans le cadre d'un projet de 
sequençage partiel du génome d'E. gunnii. Une analyse complète de l’expression des genes par qRT-
PCR a été réalisée sur les différents organes des deux espèces d'Eucalyptus après les traitements au 
stress. L’existence d’une copie de CBF supplémentaire dans le génome E. gunnii par rapport à E. 
grandis suggère que ce groupe est encore en évolution contrairement au groupe DREB2. Un nombre 
élevé de transcrits CBF chez E. gunnii, tolérant au froid, et forte une vitesse d’induction ce ces 
facteurs chez E. grandis, à croissance rapide, suggère que les facteurs CBF sont impliqués à la fois 
dans la protection au stress et la limitation de croissance. Des facteurs de transcription des familles 
MYB, NAC, KNOX et AP2/ERF impliqués dans le contrôle de la croissance et de la formation de la 
paroi cellulaire ont été identifiés comme étant des gènes putatifs cibles de CBF. Ces résultats sont en 
accord avec le phénotype modifié de surexpresseurs CBF. Les deux approches suggèrent un rôle 
central de la voie de DREB dans le compromis entre la croissance et la résistance au stress chez cette 
espèce ligneuse. 
 
Mots clés : Eucalyptus, CBF, tolérance, stress abiotiques, développement, wood formation, 
overexpression 
